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ABSTRACT
The needs of modern day photonics stimulate continual research into engineering
new platforms. This thesis focuses on the prominent photonic platform—lithium
niobate on insulator (LNOI). Chapter 1 introduces the history of photonics, photonic
applications, platform requirements. Moreover, popular photonic platforms are
introduced and compared, followed by a review of LNOI photonics. Chapter 2
provides a brief theoretical background to waveguide theory, microring resonators,
electro-optic effect and nanofabrication. In chapter 3, published work on ultra
low loss LNOI waveguides is presented. Chapter 4 and 5 discuss published edge
coupling and vertical coupling LNOI devices for efficient fibre–chip coupling. The
fourth publication is presented in chapter 6 where the initial steps towards tunable
integrated spectral filtering are investigated. This thesis aims to propose solutions to
the engineering challenges faced by LNOI as an emerging platform, from the initial
nanostructuring requirements needed for low loss waveguides and efficient coupling
schemes, to early nonlinear and electro-optic devices.
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INTRODUCTION
1.1 A brief history: from "photons" to photonics
In 1905, Albert Einstein, based on Max Plank black-body radiation theory, proposed
that light delivers its energy in discrete quantum particles—photons [1]. Already
in 1917, he released a paper proposing stimulated emission of photons—the main
physical principle behind the modern day laser [2]. However, it took forty years
before the word laser (Light Amplification by Stimulated Emission of Radiation) was
coined through Gordon Gould’s research, and until 1960 before Theodore Maiman
operated the first full functioning laser at Hughes Research Laboratories [3].
Since then, lasers have revolutionised research and technology and drawn us into
the light era. At first, the laser was not created with a particular application in
mind; it was considered to be a coherent source of light awaiting broader application.
Nowadays, the laser is an essential tool in research, communication, military,
medicine, aerospace, sensing and quantum technologies and have paved the way to
the new field of photonics.
Photonics is the science of generation, manipulation and detection of light [4]. The
field began in the 1970s with the development of semiconductor laser [5], and gained
significant momentum following the invention of optical fibres and erbium-doped
amplifiers [6]. While photonics may have its roots in telecommunications, today
it enables cutting-edge technologies in optics, fiber-optics, lasers and electro-optic
devices used throughout the fields of medicine, aerospace, sensing and quantum
technology.
1.2 Applications of photonics
Many fields of research and industry can benefit from the introduction of photonics.
In this section, three of the most interesting and promising applications, from the
author’s perspective, are discussed. The challenges and motivations behind modern
day photonic technology implementations are analysed.
2Figure 1.1: Schematic representation of wavelength division multiplexing. The
transmitter chip is represented by an array of microring resonators driven on/off
by an applied voltage. The receiver chip is another array of microring resonators
tuned to acquire the specific wavelengths of the transmission channels. Each receiver
microring resonator sends its signal to a separate detection system. The fibre transfers
information from one chip to another. The optical coupling loss from the laser to the
transmitter chip, and from the fibre to the transmitter/receiver are represented by the
scattered light red spots.
Telecommunication technologies
The introduction of optical fibres stimulated intensive research into photonic technol-
ogy. Optical networks open possibilities for fast and long range transmission of vast
amounts of data. Photonic technology has the potential to eliminate serious elec-
tronic bottlenecks in telecommunication networks. Electrical links usually operate at
frequencies of up to 100 GHz; they suffer from high transmission losses that increase
with frequency, making long haul high speed data transmission either impossible
or extremely power inefficient. Optical fibre links, on the other hand, support long
haul data transmission in the terahertz regime, making telecommunication networks
largely limited by the encoding and decoding circuitry [7]. High speed optical
modulators are critical to optical links; they take a high speed electrical signal and
switch light on and off accordingly, transferring that electrical signal into the optical
domain ready for transmission down a fibre [8–10].
An example of a simplified transmission link based on photonic technology that
is implemented in industry is shown in Fig. 1.1. This type of telecommunication
protocol is known as the wavelength division multiplexing (WDM) [11–13]. The
laser light, usually operating in the C-band wavelength range (where optical fibres
have low propagation loss), is coupled into the transmitter chip, which, in this case,
consists of an array of microring resonators. Each microring resonator is carefully
designed to trap a particular wavelength from the laser spectrum. The transmission
of each microring resonator is switched on and off by applying an electrical field to
the electrodes enabling fast data encoding to multiple optical channels (wavelengths).
The optical data is sent from the transmitter to the receiver chip via optical fiber. The
3receiver chip contains another array of carefully designed microring resonators that
are again adjusted to be resonant at a particular wavelength needed to separate out
each of the multiplexed data channels and route them to an array of detectors, which
convert the optical signal back into the electrical domain. This telecommunication
technology allows increased data throughput by utilising multiple optical carriers.
While WDM provides fast encoding and data transmission by exploiting multiple
optical carriers, both transmitter and receiver are still strongly dependent on the
electronics to drive the photonic components, resulting in high power consumption.
The transmitter electronics must drive the power hungry optical phase shifters,
while the receiver circuitry requires many analogue amplifiers, analogue-to-digital
converters and demodulation circuitry.
Losses also exist in the optical domain; the main ones being fibre to chip coupling
losses and phase shifter losses. The coupling losses are pictorially denoted by the
scattered laser light in Fig. 1.1 and are typically 1–3 dB, ultimately reducing power
efficiency and bit error rate (BER) [14, 15]. The phase shifting losses are caused by
carrier injection (or depletion) of the P-N junction; losses can be in excess of 1 dB
and also limit power efficiency and BER [16].
Future optical communication links require that photonic technologies realise new
photonic components to incorporate more of the electronic functionality in the optical
domain, as well as improve fibre to chip coupling and phase shifting losses; this
will both reduce power consumption and cost. The achievement of these goals is
strongly dependent on advances in nanotechnologies and on the choice of materials
for photonics platforms.
Sensing
Nowadays, photonics is widely used in telecommunications and datacom technologies;
however, rapid development of the field and recent mass production capabilities
open new possibilities for photonic applications to enter other fields, such as sensing.
Sensing can benefit from the integrated low noise optical resonators that photonic
technology offers.
Photonic sensors offer high sensitivity biosensors [17–19], chemical sensors [20,
21] and optomechanical sensors [22, 23], finding applications from medicine to
fundamental physics. One of the most promising applications of photonics is
biosensing, which are used for diagnosing a wide range of diseases. The biosensors
that are currently used for point-of-care medical analysis often require highly trained
4Figure 1.2: (a) Schematic representation of a photonic sensing scheme and (b)
simulated wavelength response of a sensor. The 1D photonic crystals are primarily
designed to efficiently reflect light at some nominal wavelength (the dark red curve
in the wavelength spectrum). The introduction of particles atop a functionalised
surface creates a resonance shift (the bright red curve in the wavelength spectrum).
The difference in wavelength response allows the size and nature of the particle to be
deduced.
personnel, are bulky and are expensive, stimulating research into new biosensor
technologies [24]. Photonic biosensors offer integrability and scalability of future
devices by exploiting integrated optical components including photonic crystals,
microring resonators and Mach-Zehnder modulators. Photonic crystals are some of
the most sensitive sensors due to their transmittance/reflectance properties.
Photonic crystals are periodic dielectric structures that exhibit a photonic band
gap—a wavelength band where some wavelengths cannot propagate due to the
destructive interference of incident and reflected light at the dielectric boundaries
[25]. Figure 1.2 presents a 1D photonic crystals exhibiting a sharp wavelength
dependent resonance at some particular grating period, as shown by the dark red
curve. The resonance peak can be shifted by introducing, for example, molecules,
proteins or liquids to the surface of this grating—an example resonance shift is
shown in fig. 1.2 by the bright red curve. Other optically resonant components, such
as microring resonators, may also be used as biosensors; in their case, a shift in the
transmission spectrum is used to detect particles added to the otherwise resonant
ring.
The application of photonics to sensing puts specific requirements on the material
platforms. To be sensitive to a wide range of wavelengths, the material must
5be transparent over a large bandwidth with minimal absorption. The low loss
requirement also puts high tolerances on the nanofabrication as scattering loss is
directly related to photonic component imperfections. Scattering loss may lead to a
decrease in precision, and sensing errors. A high index contrast is required to enable
high density photonic components needed for complex sensors. Finally, sensing
devices should offer tunability and reconfigurability, typically implemented using
electro-optics, thermal effects or via carrier injection/depletion.
Photonic quantum computing
Quantum technology is one of the fastest growing research fields today. Quantum
computing promises an exponential speed up in computational power by using
qubits instead of classical bits. Many platforms have been proposed to realise a
quantum computer, such as superconducting qubits, trapped ions and solid state
qubits [26–28]; these platforms are based on static qubits—quantum information
cannot be transferred long range from one quantum system to another. Photons are
the only quantum particle that is a flying qubits; consequently, they are critical for
quantum information transfer needed for many quantum computing and quantum
communication applications [29]. In order to demonstrate a rudimentary fully-
integrated photon-based quantum processor, one should consider the material
platform that will best allow the integration of the many important components
needed: photon sources, filters (for the photon sources and detectors), tunable
interferometers for reconfigurabulity as well as fast encoding and decoding of the
information, and a detection system; these building blocks should be implemented
using low loss photonic circuits to avoid information loss. A schematic layout
outlining the fundamental quantum computing components is presented in Fig. 1.3.
Single photon sources are an component for on-chip optical quantum computing.
The sources are responsible for generating pure and high-quality photon states. There
are two competing technologies available for generating qubits: deterministic single
photon sources and probabilistic single photon sources—deterministic sources always
generate a single photon when one is requested [30, 31], while probabilistic sources
sometimes generate a photon when requested [32, 33]. While deterministic sources
sound like the superior technology, in practise, engineering requirements limit their
efficiency, often making probabilistic sources the better performing technology.
Many deterministic source platforms exist, one of which is quantum dot (QD)
[34–36]. A quantum dot is a nanoparticle usually placed inside a cavity that, when
6Figure 1.3: Futuristic design of a basic quantum processor. An array of single
photon sources (in green), a reconfigurable waveguide network based on tunable
interferometers (in pink) and a set of superconducting single photon detectors (in
yellow) represent the fundamental building blocks of a photonic quantum computer.
excited by a laser pulse, creates a single exciton, the decay of which leads to the
spontaneous emission of a photon; in this way, a photon is generated on-demand.
QDs are usually based on III-V materials and cannot be replicated in other platforms
unless through hybrid integration. Nanofabrication challenges is a main limitation
of QD technology; low yield and the integration of even a few QDs in a photonic
circuit is yet to be achieved. Moreover, QDs must operate at cryogenic temperature,
emit the generated photons in all directions (making efficient waveguide coupling
challenging) and the purest photons are achieved when the QD is pumped at the
same wavelength and polarisation as the generated photon, making pump filtering
challenging [30].
Probabilistic sources are usually based on the down conversion of photons in nonlinear
media—materials with a second or third order optical nonlinearity are required. An
example of such a photon source is presented in Fig. 1.3. The pump pulse (in green) is
injected through one of the wavelength filter arms and guided to a nonlinear medium,
in this case, periodically inverted domains of a ferroelectric nonlinear crystal, where
a single pair of lower energy photons (in pink and red)may be generated—sometimes
the source does not work as no pairs or multiple pairs are generated. The period of the
domains is chosen to send one of the converted photons, the signal, to the photonic
quantum computing circuitry, while the other converted photon, the idler, is reflected
back towards the wavelength filter where it directed towards a single photon detector,
7indicating the presence of its partner photon, the signal. This scheme is called
heralded single photon generation and is required due to the probabilistic nature
of the photon generation. In order to achieve a reliable and efficient probabilistic
source, high conversion, collection and detection efficiencies are required [37].
Both types of sources discussed above, require efficient filtering devices to remove
the pump light from the photonic circuits. Pump filters are often implemented using
photonic crystals or microring resonators, which allow several wavelengths to be
spectrally isolated. Precise and reliable filtering is not only strongly dependent on
the quality nanofabrication of these components, but also on their tunability—this
limits the choice of optical material.
Once a quantum state has been generated, the photonic quantum computer requires
an extensive network of integrated interferometers (represented in Fig. 1.3) in order
to implement computing protocols [38]. Linear optical quantum computing may
necessitate thousands of on-chip interferometers; therefore, low propagation loss
photonic circuits are essential for information transfer within the chip—even losing a
single photon can undermine a quantum operation; consequently, loss in a quantum
computer scales exponentially with the number of qubits [39, 40]. Quantum
technology also requires a large number of low loss and high speed optical switching
to reconfigure the quantum computer; this requirement can be satisfied using a
high-index contrast electro-optic material.
Integrated single photon detectors, shown in Fig. 1.3, are the final building block of
quantum photonic technology. Superconducting nanowire single-photon detectors
(SNSPDs) are the fastest on-chip detectors, they have a low dark count and low
timing jitter [41]. SNSPDs are usually patterned in the shape of a nanowire onto
a thin film of superconducting material, typically NbN [41, 42] or WSi [43, 44] is
used. These structures are often placed directly atop a waveguide to ensure strong
waveguide–detector coupling for efficient photon detection. While these types of
detectors have been developed with high yield and relatively high efficiency > 90%,
the integration of multiple devices can still be challenging.
Furthermore, SNSPDs needs to be cooled to cryogenic temperatures (1–2K for NbN
and < 1K for WSi) where they superconduct posing measurement and waveguide
coupling challenges, as well as drastically increasing power consumption. A suitable
photonic platform for scalable and reliable detector production must be defect free
and have low roughness both at room and cryogenic temperature, and not deform
during the cool down process; moreover, near 100% efficient detectors will be
8required to ensure the success and reliable detection of large multi-qubits states.
1.3 Photonic platform requirements
In this section, two main photonic platform requirements needed in the telecommuni-
cation, sensing and quantum technology fields are discussed. A requirement common
to all applications is integration density—how many components can be fabricated
per unit area. A second criterion required by nearly all photonic applications is low
loss photonic circuitry; this ensures low error rate and low power consumption when
processing and transmitting information.
There are two major sources of loss in photonic systems: propagation loss and
coupling loss. Propagation loss is mainly defined by material properties and
fabrication quality of photonic circuits. It is important to choose a material platform
that possesses negligible material loss (absorption) in the working wavelength range.
It is challenging to find a material with a broad optical transparency window enabling
it to be used across multiwavelength applications. The scattering loss of light at
the sidewall of fabricated photonic circuits is another major challenge to photonics.
It is necessary to establish high quality nanofabrication in order to minimise any
additional loss when nanostructuring the photonic chips; this can limit both the
complexity and the performance. The inefficient coupling of light into a photonic chip
is a further challenge yet to be overcome, as it causes significant optical losses that
reduce the efficiency of telecommunication and quantum communication channels—
where fibres transfer information from a transmitter to a receiver. Moreover, most
platforms do not support on-chip integration of lasers, and fibres must be used as an
interlink, further highlighting the need for efficient in-coupling. Efficient, polarisation
and wavelength insensitive coupling devices must be developed to overcome the
serious fiber-to-chip losses hampering today’s photonic techonlogy so that advanced
components includingWDMs, Mach-Zehnder modulators and wavelength converters
can be effectively realised.
The development of many photonic technologies is limited by material properties.
For example, in order to ensure fast and low power switching of optical modulators
and tuning of wavelength filters, a photonic platform with electro-optic properties is
desired. Meanwhile, a photonic platform with a second order optical nonlinearity is
beneficial for photon sources in quantum technology and for frequency comb sources
in sensing applications. It is challenging to isolate a single photonic material that
meets all the technological requirements.
91.4 Material platforms
In this section, the most popular photonic platfroms, from the author’s point of view,
are discussed. Their advantages and disadvantages are outlined and their overall
limitations are analysed.
Silicon based platforms
The most developed platform today is silicon on insulator (SOI)—a thin layer of
silicon atop a silicon dioxide underclad layer supported by a silicon substrate [16].
Silicon photonics reaches many applications including telecomunication and quantum
technology [45]. SOI strongly benefits from its compatibility with existing fabrication
processes and testing techniques developed by the enormous semiconductor industry
[16], making silicon-based technology mass producible, cost effective and high yield.
While SOI still faces many challenges, including propagation, coupling losses and
inherent material losses limiting its applicability to many photonic applications, SOI
enables dense photonic integration and is compatible with many other platforms.
SOI offers high index contrast waveguides due to the significant refractive index
difference between the silicon and silicon dioxide under-cladding. The typical
dimensions of SOI waveguides are 220 nm thick by 500 nm wide, resulting in a
small and highly confined guided optical mode drastically reducing the footprint of
photonic components compared to other platforms [46]. Many essential photonic
components (waveguides, phase shifters and detectors) have been demonstrated.
SOI also allows the heterogeneous integration of semiconductor lasers. Despite the
significant achievements of SOI, the performance of many photonic components is
still limited by intrinsic material properties and nanofabrication technology.
Due to the submicron dimensions of SOI waveguides, the propagation loss in this
platform is limited by nanofabrication imperfections leading to optical scattering.
Typical propagation losses in ridge waveguides is∼ 1.3−3 dB/cm [47, 48]. Increasing
the waveguide width into the multimode regime allows very low propagation loss;
this comes at the expense of a much larger component footprint. A further source
of loss in this platform is coming from the edge coupling of light between the
waveguide and the optical fiber; the standard mode dimensions of commercially
available single mode fibers (at 1550 nm operating wavelength) is ∼ 10.4 µm. The
large difference between the fibre mode spot size and that of the optical waveguide
mode results in a mode mismatch, leading to inefficient coupling. Many coupling
devices have been demonstrated in SOI to overcome this challenge including mode
spot size converters, as well as grating couplers for vertical coupling. Despite the
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lower packaging costs, grating couplers are polarisation and wavelength dependent,
and suffer ∼> 2 dB insertion loss, while mode spot size converters are broadband,
polarisation insensitive and have lower insertion loss.
Independent of design and fabrication, SOI has a limited wavelength transparency
range due to a silicon band gap causing excessive absorption for < 1100 nm light.
This material property precludes silicon from many sensing and quantum technology
as near visible photonics is necessary. At high optical intensities, silicon also exhibits
nonlinear absorption at telecommunication wavelengths, drastically affecting loss
and photonic thermal stability. The absence of asymmetry in the crystalline structure
of silicon causes it to have no second-order optical nonlinearities and Pockels effect.
The Pockels effect is used in modulators in other materials to induce a low-loss
phase shift; unfortunately, silicon must rely on carrier injection/depletion of P- and
N-doped silicon, a process that induces a phase shift at the expense of increased
silicon conductivity and, consequently, optical loss.
III-V
The III-V semiconductor material group includes some of the first photonic platforms
InP and GaAs. These materials have a direct bandgap capable of emitting light
[49]. There is a wide range of the III-V semiconductor materials able to generate
light from the near-UV to the near-IR wavelength range; these platforms allow
direct integration of light sources as opposed to SOI. These platforms are critical to
quantum technology applications as sources—they enable the deterministic creation
of single photon via QDs [36]. The inversion asymmetry in their crystalline structure
results in a moderately large second order nonlinearity for wavelength conversion
that can be used in conjunction with the sources to access other wavelengths.
Despite the numerous advantageous material properties, III-V semiconductors exhibit
in general much higher propagation losses and a lower index contrast compared
to silicon photonics. In order to increase optical confinement, photonic crystal
based waveguides are typically employed, exacerbating further propagation loss
[50, 51]. Although there exists many mature III-V platforms, epitaxial growth and
nanostructuring challenges must be overcome to bring the losses in line with SOI.
Lithium Niobate
Lithium niobate (LiNbO3) is a non-centrosymmetric monocrystal exhibiting strong
second order non-linearities. It has an optical transparency range from 0.35 to 5.0 µm
and exhibits negligible material absorption [52], making it attractive to a wide range
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of applications where silicon photonics is unsuitable due to its material absorption.
Lithium niobate has been widely investigated for its piezoelectric, ferroelectric,
pyroelectric, photoelastic and electro-optic properties.
Historically, lithium niobate found its applications in bulk optics and a low index
contrast photonic platforms [53]. Its ferroelectric property allows domain inversion
for efficient harmonic generation; this is especially attractive to quantum technology
for photon sources. Waveguides are fabricated either via titanium indiffusion or
proton exchange; low propagation and coupling loss were demonstrated enabling a
wide range of applications, including commercially available electro-optic modulators
with switching speeds in excess of 100GHz.
Despite the lithium niobate’s wide range of properties, its low index contrast
waveguides result in prohibitively large devices, typically in excess of 5 cm. Further-
more, the low index contrast waveguides preclude LN from hybrid integration with
lasers, QDs and detectors critical to telecommunication and quantum technology
applications.
Comparison of photonic platforms
The most popular material platforms for photonics have been introduced. Table
1.1 compares the main platform properties required by many photonic applications.
Index contrast typically enables densely integrated circuitry, while propagation loss
is important for power consumption—the integration density and propagation loss
should be considered together when evaluating a platform. Switching speed is
critical for high speed data transmission, be it for future quantum communication
protocols or existing high speed data lines, while low power consumption ensures
low running costs, and helps mitigate thermal challenges in packaging. A strong
second order nonlinearity enables efficient optical frequency conversion useful for
quantum technology and sensing.
Years of financial and technological investment in SOI made it the most implemented
and developed platform; its dense integration combined with relatively low loss
makes it extremely attractive to photonics, unlike GaAs and Ti:LN, which have
higher losses or low integration density. GaAs and LN have the advantage of high
switching speeds via the Pockels effect compared to carrier induced phase shifting in
SOI; furthermore, GaAs and LN have second order nonlinearities and broadband
transmission for efficient nonlinear harmonic generation. The power consumption
can vary with design for the three platforms. Although SOI suffers from optically
12
Table 1.1: Comparison between popular photonic platforms.
Material SOI GaAs Ti:LN
Index contrast 1.5 0.1 0.04
Propagation
loss, dB/cm 2 > 3 [51, 54] 0.1
Coupling loss moderate [14] high low
Support of high opti-
cal power No [55] No [56] Yes [57]
Switching speed, GHz ∼50 [58] >50 >100
Switching power con-
sumption moderate moderate moderate
Integrated lasers Heterogeneous[59, 60] Yes No
Integrated detectors Yes [61, 62] Yes [63] No
Mass production Cheap Moderate Expensive, lim-ited wafer size
lossy phase shifters and the forcing of carriers into a PN junction is power intensive,
the phase shifting region can be quite short, reducing losses. GaAs and LN can have
negligible loss due to phase shifting; however, their phase shifting region is often
very long or requires high voltages, resulting in potentially significant conductor
losses that increase with switching speed, bringing their losses into line with the best
SOI modulators. Overall, no platform performs well across all the target metrics;
however, it is clear that SOI’s high integration ability and compact phase shifters
make it the main photonic platform of choice today.
A photonic platform that could provide LN’s material properties in a high index
contrast environment would be ideal for many advanced photonic applications and
potentially competitive to SOI. Such a platform could overcome issues with lossy
and power hungry signal modulation that limits the performance of many active
components across SOI, III-V and LN. This photonic platform would also allow the
heterogeneous integration with semiconductor lasers, and classical and non-classical
detectors currently missing in LN.
1.5 Lithium niobate on insulator
Lithium niobate on insulator has recently emerged as a promising photonic platform
offering to combine the advantageous material properties of lithium niobate crystal
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with dense photonic integration.
The primary challenge in realising high index contrast lithium niobate photonic
circuits was to achieve single crystalline LN thin films atop a low index contrast
dielectric material, such as SiO2. Many techniques have been investigated including
RF sputtering [64–66], laser deposition [67] and chemical vapour deposition [68,
69]—unfortunately, these techniques did not achieve optical grade LN films.
In 2007, the first electro-optically tuned microring resonator was demonstrated with
ion-implanted LN wafer bonded via benzocyclobutene (BCB) onto an LN substrate
[70]; this was followed by reproducible wafer scale production of thin LN films atop
SiO2 [71]. This technique of thin film fabrication is known as smart-cut and was first
implemented in the fabrication of SOI wafers [72]. Smart-cut starts with a high dose
helium (He) implantation to chemically activate the LN surface, this is followed by
wafer bonding to a substrate with a SiO2 layer, the thermal annealing then breaks the
chemically active LN wafer away, leaving behind a thin film which is polished to the
desired thickness, minimising surface roughness. In recent years, smart cut thin film
lithium niobate wafers became commercially available, boosting worldwide research
into LNOI photonics.
The next challenge inhibiting LNOI photonics is the ability to nanostructure low loss
waveguide circuits. Several techniques have been attempted to establish low loss
ridge waveguides including wet etching via hydrofluoric acid (HF) based etchants
[73], ion-beam enhanced etching [74], blade dicing [75], micromachining [76] and
reactive ion etching. LNOI waveguides have suffered for a long time from high
propagation loss, limited etch depth and shallow sidewall angles. Reactive ion
etching, which is commonly used for mass-production of other photonics platforms,
possesses multiple challenges in the case of LNOI.
LN lacks inversion symmetry; depending on the crystal orientation, LN exhibits
different chemical and physical properties. The Z-axis of LN is highly chemically
active and can be etched via fluorine based plasma RIE; however, this process results
in the formation of lithium fluoride (LiF) byproducts, which attach to the sidewall
increasing roughness and propagation loss. Meanwhile, the LN X-axis is almost
chemically inert, making chemically assisted etching challenging.
Reactive argon etching is the most commonly used method for processing LNOI. It
allows smooth and deeply etched structures; nevertheless, this process operates via
physical sputtering resulting in a shallow etching angles. The other challenge with
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this process is finding a mask that can withstand the tough argon milling process.
Hardmasks should therefore be used in order to achieve deep etching depths. One
of the promising candidates could be metal masks, however, the use of them often
results in additional sidewall roughness.
During this PhD, low loss waveguides have been demonstrated independently by a
few teams, proving that LNOI could be a promising candidate for advanced photonics
[77, 78]. The main challenges remaining are the sidewall angles and the etching
depth, compromising the performance of many photonic components. The advances
and challenges of LNOI low loss photonic circuits are discussed in details in chapter
3.
In-/Out-coupling devices
Moving lithium niobate to a high index contrast platform possesses challenges for its
use as an optical interconnect. Photonic devices require efficient fibre to chip coupling
of light. The typical width of a single mode waveguide in LNOI varies from 0.7 to 1.3
µm with a 0.2-0.5 µm height. Submicron waveguide dimensions possess challenges
for efficient butt coupling due to poor modematching between the fibre and waveguide
modes and tight alignment tolerances. Moreover, low-k dielectrics compared to
bulk dielectrics possess their own challenges when undergoing chemical-mechanical
polishing to minimise end facet roughness. Typically, fiber-to-chip insertion losses
in LNOI are ∼ 10 dB/facet, dominating the total insertion loss of typical photonic
circuitry, where on-chip propagation losses can be as <0.1 dB/cm throughout the
visible and infrared wavelength range [77, 78]. Several approaches have been
investigated to improve fiber-to-chip coupling efficiency.
In recent experiments, the standard single mode optical fiber is replaced with a lensed
(tapered) fibre. Commercially available lensed fibres have mode field diameters down
to 2-2.5 µm in the C-band, drastically improving mode matching and increasing
coupling efficiency. Many efficient coupling devices that have been developed in
SOI photonics can be implemented in LNOI. One technique involves adiabatically
tapering the waveguide width to a tip towards the edge of the chip. The mode field
size at the tip is drastically increased due to the radiation of the mode into the cladding.
This type of devices can be combined with low index contrast waveguides made
from, for example, polymer, SiO2 or SiON to mode match standard SMF fibres—the
large mode created in the low index contrast upper waveguide adiabatically couples
to an LNOI waveguide using an inverse taper.
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Recently, bilayer inverse tapers for efficient edge coupling in X-cut LNOI were
demonstrated [79]. This device consists of two inverse tapers with different dimen-
sions, one atop another. The top inverse taper has a 30 nm tip width while the bottom
taper tip is 340 nm wide — mode size increases towards the bottom tip for efficient
mode-matching with a lensed fiber. This approach reduces the coupling loss to
1.7 dB/facet from 7 dB/facet achieved with nominal 1.2 µm wide waveguides in this
platform. This method is necessary for the TE mode operation and requires multiple
lithography runs. TM operation has less lateral leakage and requires only a single
layer taper, albeit a narrow one, which can be challenging to nanostructure due to
poor anisotropy in etching LNOI.
An alternative coupling method is to use vertical couplers, where light is injected
into the top surface of these devices at some particular angle. The most popular
vertical coupling techniques use prism couplers or grating couplers. The prism
coupler is not suitable for coupling into high index contrast photonic chips as the
prism material refractive index should be higher than that of the waveguide mode;
furthermore, it requires direct contact between the prism and the waveguide surface,
limiting the compatibility of this approach with ridge waveguides. Grating couplers
were first introduced in SOI photonics and enabled vertical coupling into high
index contrast waveguides. Grating couplers are challenging photonic components,
especially in LNOI due to nanostructuring limitations. One of the first grating
couplers demonstrated in LNOI was fabricated in Z-cut LNOI using a combination
of lift-off lithography and RIE etching with a coupling efficiency of ∼-10 dB/coupler
[80]. Subsequently, focus ion beam (FIB) defined grating couplers with bottom
reflectors to improve coupling efficiency were investigated—the maximum measured
coupling efficiency was -9.1 dB/coupler and -6.9 dB/coupler without and with a
bottom reflector respectively [81]. Although, the overall transmission through the
coupler is increased due to the presence of the gold layer, the coupling efficiency is still
limited by the fabrication process and far away from the efficiencies achieved in SOI.
Recently, grating couplers inY -cut LNOI has been demonstrated. Coupling efficiency
of -3.6 dB has been achieved using advantages of chirped grating, mode-matching
tapers and multimode waveguides [82].
In order to overcome challenges posed by the direct nanostructuring of LNOI hybrid
integrated grating couplers have been demonstrated by several teams [83, 84]. By
exploiting gratings patterned in amorphous Si atop LNOI, it was demonstrated that
it is possible to achieve coupling efficiency as high as ∼ −3.06 dB/coupler, which
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is comparable to the typical coupling efficiency achieved in SOI. Although this
approach enables high coupling efficiency into LNOI, it does require increased
fabrication complexity due to added material deposition and multiple lithography
steps.
Resonant devices
Resonant photonic components are of particular importance to LNOI as they could
enhance effects of LN’s material properties, including the electro-optic and nonlinear
phenomena widely implemented in sensing and filtering applications. Typical
resonant photonic devices include photonic crystals, microdisk resonators and
microring resonators.
Microdisk resonators are one of the first resonant devices to be demonstrated in LNOI
and have been further investigated in various applications including optomechanics
[85], harmonic generation and electro-optic modulation [86, 87]. While microdisk
resonators are frequently used in optical field enhancement experiments in sensing,
they operate in a multimode regime making them less useful to typical single mode
photonics for telecommunication and quantum technology. Microring resonators, on
the other hand, are resonant devices made from single mode waveguides, overcoming
the integration challenge of microdisks.
To date, microring resonators in LNOI have been demonstrated by a number of
researchers. Their Q-factor can be engineered to meet a target application. For
example, microring resonators with high Q-factors up to 107 were demonstrated
[77]. Although the demonstration of high Q-microring resonators is impressive—
showcasing the low-loss potential of LNOI–this type of device has limited practical
application due to its extremely narrow bandwidth and reduced fabrication tolerances.
The nanostructuring challenges of LNOI limit the performance and practical useful-
ness of microdisck and microring resonators to simultaneously achieve a large free
spectral range (FSR) and large resonant bandwidths; unlike in SOI photonics where
its small bend radius gives way to a large FSR, while chemical etching enables the
highly anisotropic features needed to produce the small gaps required for strongly
coupled resonators with increased resonant bandwidth. The advanced lithography
and etching used in SOI to obtain the narrow trenches is lacking in LNOI, restricting
the coupling regimes in which microrings can operate.
Photonic crystals offer strong optical mode intensity enhancement—unfortunately,
they are some of the most difficult photonic structures to fabricate and waveguide
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integrate. Efficient photonic crystal mirrors, cavities, optomechanical resonators and
filters have been demonstrated among commonly used photonic platforms. LNOI’s
extremely low material absorption, piezo and electro-optic properties, could be used
to make high performance tunable resonators. One dimensional photonic crystal
nanocavities have been recently demonstrated in LNOI with an optical Q-factor of up
to 105 [88]; further research has demonstrated enhanced second harmonic generation
[89] and phonon–photon interaction via the piezoelectric coefficient [90]. Recently,
high-Q 2D PhC slab resonators with Q factor of 3.51 × 105 were also demonstrated
[91]. The integration of these PhC structures with other photonic components
is yet to be seen and requires further investigation and improved nanostructuring
techniques. The devices demonstrated to date typically require multistage fabrication,
which cannot be implemented practically in wafer level processing and are often not
compatible with ridge waveguide technology. To overcome the fabrication challenges
many teams are facing—mainly relating to sidewall angle and etch bias—most
demonstrations to date thin down the LNOI films to 200–300 nm, reducing the PhC
performance and making ridge waveguide integration challenging,
The intrinsic material properties of LN make it challenging to process, imposing
serious design limitations. While resonant devices enhance the desirable properties of
LN, it is important to keep in mind that they also enhance the undesirable properties,
magnifying any fabrication and design compromises needed.
Electro-optic devices
Electro-optics allows the refractive index to change proportional to an applied
electric field—they are useful for actively tuning and switching optical components.
Taking advantage of LN’s relatively large electro-optic coefficient (30 pm/V), various
electro-optic devices have been demonstrated recently in LNOI, including the tunable
resonant devices briefly introduced in the previous section, as well as high-speed
and low-power electro-optic modulators.
Tunable microring resonators act as tunable filters and can help overcome stability
issues inmicroring resonators; furthermore, they can be used in switching applications.
While the resonance of the microring resonators can be fairly precise engineered
through judicious geometry design, tuning is often important to compensate for
fabrication imperfections and environmental factors. Electro-optically tuned LNOI
microring resonators have been investigated by several teams [71, 92]; these devices
tend to suffer fromhigh propagation loss, multimode operation, minimal tunability and
high drive voltage ∼100V. These shortcomings can be attributed to the fabrication
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challenge of producing high quality ridge waveguides alongside RF electrodes.
Nonetheless, > 7 pm/V tuning efficiency was demonstrated in X-cut LNOI with
excellent voltage to resonant tuning linearity [93]. To achieve practical tunable
filters and compete with those of SOI, deeply etched single-mode LNOI waveguides
strongly coupled to small radius microring resonators need to be investigated.
Traditionally, commercially available electro-optic modulators in LN were based on
low-index contrast platforms. These devices operate at high switching frequencies
with low noise and excellent modulation linearity. The low index contrast photonics
that they are based on limit their integration to usually a single modulator per chip.
Their tall, long electrodes require high frequency amplifiers to drive them, increasing
high power consumption and potentially limiting performance.
Electro-optic modulators on LNOI would allow a footprint reduction and an improve-
ment voltage performance, the high optical confinement in submicrometer LNOI
waveguides combined with the LNOI material stack, improve the overlap between
the optical and electrical fields. In recent years, many teams have demonstrated
LNOI electro-optic modulators with promising performances [94]. In 2018, a low
switching voltage (∼ 1.4V) and high bandwidth electro-optic modulator in X-cut
LNOI was demonstrated [95]. This device features an optimised electrode design
that velocity matches the RF field to the single mode waveguide field to implement
a travelling-wave Mach-Zehnder modulator, demonstrating 30-100GHz optical
signal modulation at low voltage denoting an improvement in bandwidth-voltage to
commercially available LN modulators. The further reduction of the microwave loss
in the transmission line would allow this device to operate at frequencies > 100GHz.
Although LNOI electro-optic modulators today do not match the footprint and
the voltage performance of SOI, their high switching speed, low voltages and low
propagation losses are power efficient. Further optimisation of the LNOI modulator
geometry will lead to the smaller footprint and reduced voltages—LNOI modulators
are still in their early stages of development and it is unclear where their performance
limits lie.
Nonlinear devices
Lithium niobate is known for its high second order nonlinearity and ability to support
highly efficient nonlinear processes, such as spontaneous parametric down conversion
(SPDC), second harmonic generation (SHG) and difference frequency generation
(DFG). To achieve efficient nonlinear interactions, the phase matching condition
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(compensation of material dispersion) has to be satisfied. There are several methods
to fulfil the phase matching condition including quasi-phase matching (QPM) and
modal phase matching (MPM).
MPM is usually realised by engineering the waveguide dimensions (width and height)
such that the effective indices of the fundamental pump mode and usually one of the
higher order SH modes are matched. In X-cut LNOI, normalised SHG conversion
efficiencies of 41 %W−1cm−2 by phase matching the fundamental TE mode of the
pump to the third order TE mode of the SH has been demonstrated [96]. MPM has
been also investigated in Z-cut LNOI, where the effective indices of the fundamental
TE pump mode and the third order TM mode of the SH were matched resulting in a
measured SHG efficiency of 4.7%W−1cm−2 [97].
The main disadvatange to MPM is the restriction it places on the accessible non-
linear coefficients; generally, only a subset of nonlinear coefficients can be MPM
matched, often excluding the optimal one. Although the realisation of MPM with
microresonators could drastically improve the nonlinear conversion efficiency [98],
they are highly susceptible to environmental factors, such as temperature, and also
suffer from narrowband bandwidth performance. Finally, it is challenging in practice
to out-couple the higher order generated mode with a fibre, often resulting in large
optical attenuation of this mode.
The largest LN nonlinear optical coefficient d33 can only be accessed using QPM.
QPM is the technique of introducing a periodic structure into a nonlinear media
with a particular periodicity that compensates the material dispersion. Using
QPM, SHG between the fundamental pump and fundamental SH modes can be
achieved, drastically increasing the nonlinear conversion efficiency due to the larger
accessible nonlinear coefficient, potentially improving the optical confinement and
fibre out-coupling efficiency.
Commonly in LN, QPM is fulfilled by periodically inverting the ferroelectric domains
by electric field poling [99]. The typical poling periods for bulk and low index
contrast LN waveguides are ∼ 16–20 µm. Liquid electrodes are usually applied
to both faces of a Z-cut bulk LN crystal to deliver voltages higher than the LN
coercive field, causing domain inversion. The electric field poling of high index
contrast waveguides in LNOI possesses several challenges; much smaller poling
periods are required to satisfy the QPM condition, complicating electrode fabrication
and limiting the quality of inverted domains; furthermore, the presence of a SiO2
undercladding prevents conduction to a backside ground electrode.
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This problem can be overcome during the LNOI wafer fabrication by using an electric
field poled LN wafer in the smart-cut process [100, 101]; however, the conversion
efficiency in experiments using this technique is limited due to the use of the higher
order QPM periods. It is challenging to achieve small poling periods of thick crystals
using electric field poling due to domain merging. LNOI opens the potential to place
a ground electrode directly under the thin film to achieve smaller domain inversions;
however, this technique cannot be used for photonic applications due to added metal
absorption and poor domain inversion lifespan [102].
In X-cut LNOI, a surface electrical field poling can be implemented by applying
an electric field across two comb-shaped electrodes along the Z-axis. SHG has
been demonstrated in hybrid SiN rib loaded X-cut periodically poled LNOI [103,
104] with conversion efficiency up to 160 %W−1cm−2; however, the measured value
was of an order of magnitude smaller than that predicted in the simulation due to
fabrication challenges. Efficient nonlinear conversions require a 50% duty cycle
poling period to maximise the effective second order nonlinear coefficient; combined
with a small period, this can be very challenging to achieve due to arcing across the
comb electrodes. Recently, ultra-high efficiency wavelength conversion has been
demonstrated in nanophotonic periodically poled X-cut LNOI waveguides [105]. By
performing the nonlinear process directly in an LNOI waveguide, over an order of
magnitude higher conversion efficiencies ∼ 2600 %W−1cm−2 compared to rib loaded
waveguides was shown.
To date, poling of Z-cut LNOI has proven more challenging than X-cut LNOI,
due to the underlying SiO2 cladding. Meanwhile, the conversion efficiency in the
X-cut LNOI is yet to approach expected efficiencies, still requiring fabrication
improvements in waveguide fabrication and, more importantly, domain engineering.
Advanced hybrid components integration
Classical and quantum photonic applications require the integration of multiple
photonic components onto a single chip; efficient operation requires improvements
to coupling loss and system stability, while reducing production costs. No photonic
platform, today, can support light emitting sources, efficient low loss waveguide
networks, fast switching and detectors. Hybrid integration attempts to solve this
problem by combining multiple materials together to achieve a single heterogeneous
platform.
LN lacks semiconductor properties and cannot be used to emit photons, enabling
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laser integration. Doping LN with rare earth ions such as erbium (Er), neodymium
(Nd) and ytterbium (Yb) can allow the construction of self-mode-locked, self-Q-
switched and self-frequency-doubled laser cavities; these lasers require optical
pumping, and cannot generate light without an optical source [106]. Through
heterogeneous integration of light emitting III-V semiconductor materials with LNOI,
fully integrated lasers could be achieved; however, these types of hybrid platforms
have not been demonstrated to date.
LN offers the potential for built-in probabilistic quantum photon sources based on
second-order nonlinear processes; however, it does not natively support deterministic
sources such as QD and 2D material based sources. Waveguide integration of single
photon emitters is typically achieved by either directly embedding them into the
waveguide, or by placing the source atop the waveguide where it evanescently couples
to the waveguide mode. The low index contrast and large mode volume of traditional
LN waveguides lead to poor coupling efficiency to single photon emitters; however,
LNOI could overcome this due to its tight optical mode confinement. Recently, the
successful transfer of the QD emission into LNOI waveguide was demonstrated
[107]. The further optimisation of LNOI fabrication processes and designs could
lead to efficient deterministic sources that couple well with existing LNOI photonic
components.
The final requirement for many photonic applications is the integration of detectors.
In classical photonics, this is usually achieved using germanium detectors, which can
be directly grown on SOI. This approach is unsuitable for LNOI, therefore a novel
method to combine detecting materials with LNOI photonics is needed. Moreover,
quantum technology requires the integration of superconducting nanowire single
photon detectors (SNSPD); however, SNSPDs in LNOI are yet to be demonstrated.
The research of hybrid integration with LNOI is in its early stages. The heterogeneous
integration of many photonic components is highly dependent on the quality of LNOI
photonic circuits, index contrast and roughness. Extensive research towards new
LNOI nanostructuring techniques is required.
1.6 Aim of this thesis
The last two decades have seen photonics emerge as a powerful technology. Universi-
ties and industry have conducted extensive research and development to solve many of
today’s leading problems from telecommunication links and sensing to early quantum
technology demonstrations. From the many existing platforms, SOI—a platform
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based on silicon, heavily invested in by the computing industry—has emerged as the
de facto standard platform for many modern day applications.
Other platforms have perhaps more remarkable material properties than SOI; for
example, many III-V semiconductors natively support lasers and detectors, and
lithium niobate supports extremely high speed switching and very low absorption
losses. No platform, past or emerging, can match the yield, scalability and cost of
SOI—in this way, SOI sets the bench mark that competing platforms should consider
to solve the telecommunication, sensing and quantum technology challenges of the
future.
While lithium niobate showed a massive success in some of the earliest photonic
demonstrations, the prohibitively large products made in LN could not keep up with
the ever shrinking competition from SOI. The recent commercial availability of
high-index contrast LNOI wafers has reinvigorated the lithium niobate’s applicability
to modern day photonics, enabling traditional LN photonics to be miniaturised and
brought up-to-date with today’s requirements. The aim of this thesis is to propose
LNOI as a promising platform for classical and quantum photonics and experimentally
demonstrate its capability to integrate important components for on-chip optical
processing. The primary challenges that LNOI faces include high index contrast,
low waveguide propagation loss, efficient laser to chip coupling, fast and energy
efficient optical switching and compatibility with neighbouring technologies. This
thesis aims to propose solutions to the engineering challenges faced by LNOI as an
emerging platform, from the initial nanostructuring requirements needed for low
loss waveguides and efficient coupling schemes, to early nonlinear and electro-optic
devices.
1.7 Thesis Outline
Chapter 2 outlines background material. Chapter 3 introduces a new fabrication
process developed for ultra low loss waveguide networks. Both chapter 4 and
chapter 5 are dedicated to efficient light coupling devices. Chapter 4 discusses LNOI
nanostructuring challenges for butt-coupling, investigating constraints in anisotropy
and minimum feature size to demonstrate wavelength and polarisation independent
edge-couplers. Chapter 5 extends upon the engineering work of chapter 4 to propose
and demonstrate efficient and compact grating couplers. Chapter 6 investigates
LNOI’s electro-optic properties through the demonstration of a tunable microring
resonators. The research findings, impact and outlook on the future applications of
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LNOI as a photonic platform are summarised in chapter 7.
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C h a p t e r 2
BACKGROUND
In this chapter, a brief theoretical background is provided to introduce basic concepts
not included in the published chapters 3, 4, 5, 6 of this thesis. While each published
work contains background and design sections dedicated to the main topic of that
paper, this chapter outlines general terminology required for their understanding.
The first section is dedicated to waveguide and mode theory. This is followed by
an explanation of the main coupling techniques implemented in this thesis: edge
coupling and vertical coupling. The next section introduces microring resonators
and electro-optic tuning. Finally, LNOI nanofabrication techniques are discussed
with emphasis towards the developed fabrication process.
2.1 Waveguide theory
Light is an electromagnetic wave; therefore, its behaviour is governed by the Maxwell
equations
∇ · ®D = ρ (2.1)
∇ · ®B = 0 (2.2)
∇ × ®E = −∂
®B
∂t
(2.3)
∇ × ®H = ®J + ∂
®D
∂t
(2.4)
where ®E and ®H are the electric and magnetic fields respectively and ®D and ®B are the
electric and magnetic flux densities respectively. In this thesis, source-free media
is considered resulting in the charge density, ρ, and the current density, ®J, being 0
(ρ = 0 and ®J = 0).
®D and ®B describe the interaction of electric and magnetic fields within a material
®D = ε0 ®E + ®P (2.5)
®B = µ0 ®H + ®M (2.6)
where ε0 and µ0 are the permittivity and permeability of free space respectively
[108]. Lithium niobate is a non-magnetic material, ®M = 0 [109]. The polarisation
32
field, ®P, in any optical material can be represented via a Taylor expansion in ®E
®P = ε0
(←→χ (1) ®E +←→χ (2) ®E ®E +←→χ (3) ®E ®E ®E + . . .) . (2.7)
where←→χ (n) is the n’th order material susceptibility tensor [99, 110]. From (2.7), it
is clear that the polarisation response of the material to the applied electric field can
be nonlinear if at least one of the higher order susceptibility components is nonzero,
←→χ (n>1) , 0.
Using equations (2.5) and (2.6), equation (2.4) can be written in terms of ®E and
®B only. Finally, equation (2.4) can be substituted into (2.3) to obtain an equation
entirely in terms of ®E . The permittivity and permeability can be written in terms of
c, the speed of light in a vacuum. Using linear algebra, the cross products can be
reformulated. The propagation of light in an optical medium can be now described
by the generalised propagation equation
®∇
(®∇ · ®E) − ®∇2 ®E + εr
c2
∂2 ®E
∂t2
= − 1
ε0c2
∂2 ®P
∂t2
(2.8)
where εr is the relative permittivity of the medium.
Considering linear isotropic source-free media, the first term of the left-hand side
of (2.8) vanishes as the first Maxwell equation, ∇ · ®D = 0, implies that ∇ · ®E = 0.
In nonlinear media, this term is generally nonzero even for isotropic materials;
fortunately, it can still be dropped off in many cases [99]. In this thesis, we consider
this term to be zero. Equation (2.8) can now be expressed as
®∇2 ®E + ω
2
c2
εr ®E = −ω2 ®P,where ®P = ε0←→χ (1) ®E . (2.9)
The schematic representation of an LNOI ridge waveguide is shown in Fig. 2.1 (a).
The optical coordinate system was chosen to match the LNOI crystallographic axes;
the capital letters X , Y , Z represent the crystallographic axes, while the lowercase x,
y, z represent the optical coordinate axes. In this thesis, we consider an x-propagating
optical field. In the case of our LNOI waveguides, the Z-axis exhibits the strongest
nonlinear and electro-optic properties. To achieve a waveguide, the refractive index
of the core (ridge) must be higher than the over-/under- cladding.
In the waveguide configuration, there exists a set of x-propagating orthogonal
solutions to (2.9) of the form
E(x, y, z) = ( xˆEx(y, z) + yˆEy(y, z) + zˆEz(y, z)) e− j k x, (2.10)
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Figure 2.1: (a) Schematic representation of an Z-cut LNOI ridge waveguide. The
simulated TMmode profile of the LNOI ridge waveguide with graphic representation
of each E-field projection: (b) Ez, (c) Ey and (d) Ex .
called eigenmodes, or more simply, modes. Ex , Ey and Ez are the amount of E-field
polarised along x, y and z respectively, and k = 2pineff/λ0 is the propagation constant
of the mode, where λ0 is the wavelength in free-space and neff is the effective
refractive index that the optical mode sees as it propagates. Energy contained in a
mode will stay in that mode unless perturbed. For the ridge waveguides studied in
this thesis, the mode solutions cannot be analytically obtained, so a numerical-based
mode solver must be used.
A mode solver is a powerful tool that solves an eigenvalue problem related to the
refractive index profile of the waveguide crossection to obtain mode field profiles
(based on the eigenvectors) along with their corresponding effective refractive index
(based on the eigenvalues), neff . Modes are typically ordered firstly based on the
direction in which they are mostly polarised, and secondly based on the the magnitude
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of their effective refractive index. In the Fig. 2.1 the simulated mode profiles for the
waveguide are presented. Figure 2.1 (b), (c) and (d) show the E-field distribution for
light polarised along each axis; the light is mostly polarised in z with 78% of all the
mode energy in Ez.
Polarisation nomenclature
• An almost entirely y-polarised mode is named transverse electric (TE), while
the z-polarised mode is named transverse magnetic (TM).
• If a mode is mostly y-polarised (z-polarised), but has a non-neglible amount of
energy in the other axes, it is defined as quasi-TE (quasi-TM), or qTE (qTM)
for short.
• If a mode has almost equal energy in y and z, it is hybridised and called
qTE/qTM.
Effective refractive index nomenclature
• Effective refractive index is often abbreviated to simply, effective index.
• The mode with the largest magnitude effective index is called the fundamental
waveguide mode.
• Every subsequent mode is numbered starting from first. The second largest
magnitude effective index mode is called the first order waveguide mode, the
third largest effective index mode is called the second order waveguide mode,
and so on.
• A waveguide must support at least one mode, otherwise it is incapable of
guiding light. If a waveguide only supports one mode (per polarisation), it
is called a single mode waveguide, if it supports two or more modes (per
polarisation), it is called a multimode waveguide.
• The number of the mode is usually specified alongside its polarisation; for
example, fundamental qTEmode, or second order qTMmode. The fundamental
qTE mode is usually the fundamenetal waveguide mode, while the fundamental
qTM mode is usually the first order waveguide mode.
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In this thesis, LNOI rib/ridge waveguides with different geometries are investigated
and their fabrication techniques are optimised; this results in a variation in mode
profile and effective index, requiring continual modelling. Nominally, waveguides
were designed to be single mode, supporting the fundamental TM mode in Z-cut
LNOI; this was to allow interaction with the largest nonlinear and electro-optic
coefficients. The fundamental TM mode solution of a typical single mode ridge
waveguide is shown in Fig. 2.1. Single mode waveguides are often favourable versus
multimode waveguides as they avoid loss due to light scattering from the fundamental
mode into a higher order mode. The nominal waveguides in this thesis have losses
< 0.1 dB/cm for the fundamental TM mode with an effective index of ∼ 1.72. The
standard waveguide geometry used for the photonics components investigated in this
thesis consists of a 500 nm Z-cut LNOI film etched down typically to 300-350 nm
resulting in a rib structure with a waveguide bottom width of 1 µm and a sidewall
angle of 75◦, finally the waveguide is cladded with a SiO2 layer serving as the top
cladding, except in chapter 5, where deeper etched, air cladded structures were
required.
2.2 Coupling efficiency and coupling schemes
A dominant source of loss in high index contrast photonic platforms is the coupling
loss between waveguides and optical fibre. This is predominantly caused by the large
difference in mode shape/size as well as an effective index mismatch between the
single mode fibre and the waveguide. The schematic representation of a typically
implemented edge coupling scheme is depicted in Fig. 2.2 (a). An SMF-28 fibre
is used to couple light into submicron waveguide. The portion of the coupling
efficiency due to difference in the mode shape/size between the fibre and waveguide,
η, can be found by taking the overlap integral of their mode field profiles
η =
∬ dxdy Ef(x, y)E∗wg(x, y)2∬
dxdy Ef(x, y)E∗f (x, y)
∬
dxdy Ewg(x, y)E∗wg(x, y)
, (2.11)
where Ef and Ewg(x, y) are the fibre and waveguide mode E-field distributions
(considering only one light polarisation).
Using the expression for the reflection at the interface of two optically dissimilar
materials, one may calculate the additional coupling loss, R, due the fibre–waveguide
effective index mismatch
R =
neff,f − neff,wgneff,f + neff,wg
2 , (2.12)
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Figure 2.2: (a) Schematic representation of edge-coupling. (b) The numerically
estimated coupling efficiency between SMF-28 and LNOI waveguides for different
LNOI waveguide ridge widths.
where neff,f = 1.46 is effective index of the fundamental mode of the fiber and
neff,wg = 1.85 and neff,wg = 1.72 are effective indices of the fundamental TE and
TM modes of the waveguide. The loss caused by reflection is 0.6%/facet for the
fundamenetal TM mode and 1.2%/facet for the fundamental TE mode—the TE
mode reflections are slightly higher as the rib waveguides are wider than they are
tall, leading to a slightly higher TE effective index.
The typical ∼ 1 µm rib waveguides used throughout this thesis have a strongly
confined optical mode in the C-band with a mode field diameter (MFD) of ∼1.5 µm;
meanwhile, the typical MFD of an optical single mode (SMF-28) fibre is ∼10.4 µm at
1550 nm wavelength light. The large difference in mode size between the waveguide
and fibre cripples the coupling efficiency (calculated using (2.11)), with the effective
index mismatch (calculated using (2.12)) further reducing it, leading to a simulated
best-case coupling efficiency between a typical LNOI waveguide and a conventional
SMF-28 fibre of ∼ 5%/facet as shown in the Fig. 2.2 (b).
Mode size converters
By decreasing the waveguide width to 200 nm, it is possible to improve the TM
edge-coupling efficiency up to ∼ 23%/facet in Fig. 2.2 (b). Clearly, the 200 nm width
is much narrower than the target 1 µm waveguide width and so an efficient width
transition must be achieved using a structure called an adiabatic taper—a taper with
a slowly varying width to match the 1 µm width to the target 200 nm width while
minimise mode perturbations, avoiding scattering [111, 112]. An adiabatic taper
allows the small and highly confined mode of the LNOI waveguide to be expanded
at the chip facets, by weaking the strongly confined mode, forcing it out of the higher
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index lithium niobate and into the surrounding lower index cladding. This technique
also minimises the loss associated with the fibre–waveguide impedance mismatch.
The main challenge in realising adiabatic tapers is in the nanofabrication—producing
long submicron structures in a precise, low loss and mechanically stable manner is
particularly challenging in the case of LNOI due to its material properties including
anisotropy and mechanical stress.
Further theoretical background as well as material limitations and a detailed study
on the design, nanofabrication challenges and achievable edge-coupling efficiencies
in LNOI be found in chapter 4.
Grating couplers
An alternative to edge coupling is vertically coupled, where light is coupled into
a chip using grating couplers [113–115]. Vertical coupling mitigates the need to
run waveguides to the chip facets, usually reducing the cost of photonic circuits and
improving integration density as more compact designs may be realised.
A grating coupler is a type of diffraction grating realised by etching periodic grooves
into the LNOI film; some of the light will diffract off of the grating teeth, constructively
interfering in the direction of the optical fibre, as illustrated in Fig. 2.3. The grating
coupler scheme consists of two in/out gratings each with their own adiabatic taper
that mode matches the scattered grating coupler light to a single mode waveguide.
The grating period, Λ, can be found semi-analytically using
Λ =
2piO
β − k0ninc sin(θinc), (2.13)
where O is the diffraction order, k0 = 2pi/λ0 is the free space wavenumber and
λ0 is the corresponding operating wavelength, β = k0neff,grating is the propagation
constant, and ninc is the refractive index of the cladding medium. In the case of a
weak perturbation grating, neff,grating can be approximated to the effective index of
the unperturbed waveguide, but in most cases, neff,grating must be solved numerically.
While first order diffraction gratings are typically implemented, O = 1; higher order
diffraction gratings may be used for their larger grating period, making them easier to
fabricate, despite a significant increase in insertion loss due to reduced perturbation
strength resulting in light simply passing through the grating. Light is coupled
in/out of grating couplers at small angles to avoid back reflections, as illustrated in
Fig. 2.2—for typical C-band grating couplers, 7◦ ≤ ninc ≤ 13◦.
It is possible to achieve vertical coupling efficiencies of up to ∼ 50 % using grating
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Figure 2.3: Schematic of on-chip vertical coupling using grating couplers. The
SMF-28 fibres are placed atop the chip at a particular angle that minimises back
reflections. A grating coupler consists of an in/out diffraction grating and an in/out
mode matching taper to a single mode ridge waveguide.
couplers in LNOI. The results are reported in chapter 5. A main limitation inherent to
grating couplers is their wavelength and polarisation dependent performance making
edge-couplers preferable in many circumstances where footprint is not an issue.
2.3 Microring resonators
The all-pass microring resonator (MRR) is a simple example of an on-chip filter
[116–118]. It delays incoming signals through the temporary storage of optical
energy. A schematic representation of an all-pass MRR is shown in Fig. 2.4. The
light is coupled in and out of the microring through the bus-waveguide. Assuming
negligible back reflection from the microring to the bus, one can find the transmission,
T , of an MRR
T =
E2pass
E2in
=
(
ei(pi+φ)
a − re−iφ
1 − raeiφ
)2
=
a2 − 2ra cos φ + r2
1 − 2ra cos φ + (ra)2 , (2.14)
where a2 = exp(−αL) is the single-pass transmission intensity, α is the power
attenuation including coupler loss and propagation loss in a round trip of length, L.
The single-pass phase shift, φ = βL, is defined by the propagation constant β of the
mode circulating the ring. TheMRR power coupling coefficient, κ, is defined through
the relation κ2 + r2 = 1 assuming there is no loss in the coupling region. κ is the
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Figure 2.4: Schematic representation of an all-pass microring resonator.
amount of coupled light to the MRR from the bus-waveguide as shown in the Fig. 2.4
and r is the power coefficient of the remaining light in the bus-waveguide. Under
critical coupling condition, when r = a, the transmission at resonance approaches
zero. The resonance condition, λres, can be defined as
λres =
neffL
m
, m = 1,2,3, ..., (2.15)
where m is the number of an MRR resonant mode and neff is its effective index.
The resonance full width at half maximum (FWHM) can be derived from Eq. 2.14 as
FWHM =
(1 − ra)λ2res
pingL
√
ra
, (2.16)
where the group index ng takes into account waveguide dispersion
ng = neff − λ0 dneffdλ . (2.17)
We now can define an important MRR performance characteristic, Q-factor: the
number of light oscillations inside the microring before it is lost to its internal loss
and the bus-waveguide loss
Q =
λres
FWHM
. (2.18)
In order to achieve high Q, one needs to minimise MRR losses. The Q-factor can be
of two types: loaded and unloaded. Unloaded Q-factor is based on the MRR internal
loss. Internal loss includes the propagation and bending loss. Propagation loss is
dependent on material properties and the quality of the nanofabrication. Bending
loss is defined by the material index contrast and geometry of the microring resonator.
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Materials with higher index contrast allow smaller lossless bending radii. Loaded
Q-factor includes loss introduced by the coupling to the bus-waveguide. In real-world
applications MRR resonators are always designed to according to a target loaded
Q-factor, and only under the condition of critical coupling, unloaded Q is considered.
The bus-waveguide coupling strength can be designed by changing the coupling
gap. Critically coupled MRRs allow one to precisely deduce the propagation loss
inside of the ring: however, they are not commonly used in real-world applications
due to their sensitivity to the environment and their narrow resonances, which often
deviates from desired value with small fabrication imperfections.
Another important MRR spectral characteristic is free spectral range (FSR), the
spectral distance between two successive resonances is
FSR =
λ2
ngL
. (2.19)
Commonly, MRRwith small bending radii and large FSR are required. It is important
to achieve low propagation loss and to precisely engineer the coupling region of the
MRR. Detailed design and engineering of LNOI MRRs are discussed in chapter 6,
where Q-factor, FSR and ng are investigated in the context of filtering applications.
2.4 Electro-optic effect
Reconfigurable photonic circuits require tunable elements, such as MRRs. In SOI
photonics, thermal tuning is commonly used; though this process is slow and power
inefficient. Lithium niobate, on the other hand, can make use of the Pockel’s
effect—an electro-optic (EO) effect where an applied electric field induces a linear
change in the refractive index.
LN is a material with 3m crystal symmetry; therefore, most of its linear electro-optic
coefficients are zero [119]. The non-zero EO coefficients of LN are r22 , r13 , r33, and
r51. Exciting the fundamental TM mode in a Z-cut LNOI rib/ridge waveguide allows
interaction with the largest magnitude electro-optic coefficient, r33 = 30.8 × 10−12
m/V [120].
The change in refractive index ∆nZ of Z-polarised light in Z-cut LN crystal can be
expressed as
∆nZ ∼ −12n
3
er33EmZ (2.20)
where EmZ is the E-field applied along the Z-axis, and ne is the extraordinary
refractive index of LN.
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Considering the Z-cut LNOI rib/ridge shown in Fig. 2.1, the effective refractive index
change, ∆neff(V), is
∆neff(V) ∼ −12
V
G
ξn3er33, (2.21)
whereV is the applied voltage andG is the interelectrode gap, ξ is the o verlap integral
between the guided mode E-field and that of the modulating field [9]. The overlap is
typically optimised to achieve low-voltage electro-optic modulation and tuning. The
design, fabrication and characterisation of EO tuned MRRs is investigated in chapter
6.
2.5 LNOI nanofabrication considerations
Nanofabrication is a critical aspect of the research presented throughout the thesis,
as it is required to create all the photonic devices. This section will discuss the
fundamental nanofabrication steps—pattern design, pattern definition, pattern transfer
and packaging—used through the dissertation. A detailed description and schematic
representation of the fabrication process is presented in chapter 3.
PatternDesignAll nanofabrication starts with a pattern design; a computer generated
layout of the target photonic design. Usually, extensive electromagnetic simulation
is conducted to optimise the a particular design, before being converted to a layout
using a computer assisted drawing (CAD) tool. Typically, the CAD designs are
exported to GDS; however, for very large designs, the more modern OASIS format
can be used.
Pattern Definition Once the design is complete, it should then be defined (written)
onto the photonic substrate—this process is called lithography [121]. The lithography
in this thesis was performed by coating the photonic chip with an electro-sensitive
polymer (known as e-beam resist) and using an electron beam lithography tool
(EBL) to selectively expose the resist. An EBL is a tool consisting a column through
which electrons are accelerated towards the resist-coated substrate, and a very precise
multi-axis stage upon which the substrate is translated. By moving the substrate in
the shape defined by the GDS file, the target design can be written on to the substrate.
Once the resist is exposed, it is then developed in a solution that dissolves away the
exposed polymers, leaving the unexposed resist behind.
A tough material is required to mask the substrate from the subsequent pattern transfer
process. In this thesis, the resist trenches were filled with metal via electron-beam
evaporation—a process where a high power electron beam is launched at a desired
material and evaporating it onto a substrate. Pattern definition is complete by
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dissolving the remaining resist in acetone, lifting off the unwanted metal and leaving
a metal pattern on the substrate ideally identical in shape to that in the defined in the
GDS design file.
Pattern Transfer Pattern transfer involves transfering the lithographically defined
pattern atop the substrate, into the substrate. As we target rib waveguides, this is done
using a top-down etching process, in this case, using a reactive ion etcher (RIE)—the
industry standard tool for many photonic platforms [122]. A reactive ion etcher
uses plasma to chemically or mechanically attack the substrate. It is critical that
the lithographically defined mask be able to withstand the plasma etching process;
in this thesis, the RIE parameters including gas type, gas flow, pressure and power
were all optimised to maximise the etch selectivity between the metal mask and the
substrate, and also minimise rib waveguide sidewall roughness and maximise the rib
sidewall angle in chapter 3.
Packaging Packaging is the final step in the nanofabrication process that facilitates
the characterisation of the chip.
Most of the samples used in this thesis including chapters 3, 4, 6 after etching and
final cleaning were cladded with ∼3 µm plasma enhanced vapor deposition (PECVD)
SiO2 layer to protect the rib/ridge waveguide to facilitate subsequent packaging steps.
The preparation of facets is a main challenge for edge-coupling. At first, dicing was
used to achieve clean and vertical chip facets and simplify chemical-mechanical
polishing (CMP) [123]. CMP is the process used to smooth the facets bymechanically
polishing in combination with gentle chemical etching introduced by a slurry. This
process is usually implemented to reduce roughness at the waveguide input/output.
It was found that the CMP process was not reliable and effective in preparation of
the fabricated LNOI waveguides; the chip facets not perfectly vertical and minor
chipping defects could occur, damaging some of the waveguides and reducing the
overall yield of the chip. Finally, the CMP slurry was challenging to remove resulting
in dirty facets. The challenges arising from CMP ultimately resulted in a reduction in
reduction in the coupling efficiency reported in the chapter 3 and an overestimation
of the propagation loss by Fabry-Perot technique.
Optical grade dicing was developed to improve coupling efficiency and increase facet
preparation yield [124]. Blade dicing often results facet chipping and rough surfaces;
however, by judiciously choosing blade parameters, and optimising blade rotation
speed and feed speed, an optical grade finish can be attained—this technique was
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used in chapters 4 and 6.
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C h a p t e r 3
ULTRA-LOW LOSS PHOTONIC CIRCUITS IN LITHIUM
NIOBATE ON INSULATOR
Lithium niobate on insulator can be a promising candidate for many photonic
applications, offering to combine LN’s material properties with dense integration.
Demonstration of low propagation loss is an essential photonic requirement that
has seriously limited the development of LNOI. Current photonic applications
including transceivers, quantum technology circuitry and optical sensing rely on
platforms such as SOI, which supports high integration density and losses on the
order if 2 dB/cm. Traditional LN technology based on either titanium indiffusion
or proton-exchange have losses typically in the 0.1–0.5 dB/cm range, though they
have limited integration density. LNOI can have an integration density slightly lower
than SOI, but significantly higher than traditional LN, so it is clear that for it to be
competitive, a propagation loss below < 2 dB/cm is a good starting target.
Unlike SOI, LNOI has serious nanofabrication challenges; it is a mechanically tough
and chemically resilient material, making finding a suitable etch mask and etch recipe
challenging. In this chapter, many of the engineering challenges associated with
nanostructuring LNOI are overcome; optical losses of ∼ 0.4 dB/cm are demonstrated,
showing that LNOI, fundamentally, can compete with existing platforms. While the
low propagation loss ridges presented in this chapter are the first step towards creating
photonic circuitry in LNOI and eventual devices, the high fibre–chip coupling losses
reported in the work dominate the device losses and need to be addressed to bring
the technology closer towards today’s platforms.
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1. Introduction
Integrated photonics is widely employed in high bandwidth telecommunication [1], frequency
conversion and filtering [2–4], biophotonics and sensing [5], and single photon generation and
manipulation for quantum technology [6,7]. Important requirements of an attractive photonic
platform are low propagation loss, high nonlinearities, high index contrast and industry compatible
fabrication processes. A major player is silicon (Si) photonics, enabling very compact, low loss
waveguides that can be fabricated with CMOS technology. Si has no second order nonlinearities,
limiting the performance of important photonic components such as optical switches and
frequency converters, and it absorbs light below 1 µmwavelength, precluding its application from
biophotonics. This has lead to research into other materials including InP [8], SiN [9], GaAs [10]
and AlN [11] as photonic platforms. InP, GaAs and SiN all represent promising solutions for
scalable and low-loss photonics; however, their switching capabilities are also limited due to small
or absent second order nonlinearities and rely upon thermally unstable or absorptive switching
mechanisms [8, 10]. Although AlN enables the use of electro-optical properties and frequency
conversion, the low second order nonlinearities still limits the efficiency of these processes [11].
Low loss is another major requirement for scalability, especially in quantum photonics. Photonic
components, such as rings, are important for filtering and delay lines and require a high quality
factor, and therefore a low propagation loss is vital to their operation.
Lithium Niobate (LN) has several potential advantages over competing platforms including a
broad transparency range from 350 nm to 5200 nm, with potential applications ranging from
biophotonics to mid-IR; a high electro-optic coefficient, enabling efficient ultra-fast optical
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switches; piezoelectric and pyroelectric properties, it can be phased matched via periodic
poling [7, 12], or, as recently shown, via birefringence [13] for wavelength conversion and
single photon generation; and it can be doped with erbium atoms to create waveguide integrated
lasers [14]. Waveguides in lithium niobate have been fabricated via titanium in-diffusion (Ti:LN)–
the industry standard for photonic modulators [15]–and proton-exchanged (PE:LN) [16]. Both
Ti:LN and PE:LN suffer from low refractive index contrast waveguides, greatly limiting the
complexity of the photonic circuitry on these platforms.
To achieve high index contrast waveguides, etching of PE:LN [17], hybrid-integration with
Si [18, 19] and SiN [20, 21], as well as blade dicing [22] and micromachining [23] have been
reported. Recently, the ability to create high quality LN thin films on SiO2 insulator (LNOI) via
the smart-cut technique [24], has enabled the direct fabrication of waveguides using standard
lithography and dry etching techniques, with reported propagation loss as low as 3 dB/cm [3]. To
the authors’ knowledge, all high-index contrast LNOI waveguides reported to date exhibit either a
high loss [25], a shallow sidewall angle [3,25,26], limited etch depth [26], or a combination thereof.
Propagation losses in LN are almost entirely dominated by the quality of the nanofabrication
because LN has very low intrinsic absorption. Several techniques have been attempted to micro-
and nano-process LN, including ion-beam enhanced etching [4], wet etching with hydrofluoric
acid (HF) based etchants [27], reactive ion etching (RIE), and RIE with post-chemical mechanical
polishing [28]. RIE possesses particularly anisotropic properties; however, plasma etching LNOI
is challenging. LN is highly reactive with fluorine (F) gases making them a logical choice for
achieving good etch rates, but unfortunately, LiF products of this reaction deteriorate the surface
leading to high scattering loss. An alternative to chemical RIE is argon milling, but this process
has poor etch-selectivity, making it difficult to find a suitable mask, and is well known to result
in very shallow sidewalls. Near vertical sidewalls are critical to achieving low loss waveguides,
as well as high free spectral range (FSR) rings and small-footprint optical components, such as
switches and couplers.
Here we report LNOI waveguides with propagation loss ∼0.4 dB/cm, achieved by an optimized
etching process that produces a sidewall roughness of < 2 nm RMS and a sidewall angle of ∼75◦.
Our low loss rib waveguides are fabricated using standard nanoprocessing techniques and enable
the development of high integration density nonlinear and electro-optic based photonic circuitry.
2. Fabrication
A mode solver was used to determine the dimensions of a 1550 nm single mode rib waveguide in
LNOI with a minimum bending radius of ∼80 µm. The design of the waveguide includes the
following parameters: rib height, bottom width, top width, refractive indices of the waveguide
and claddings, and film thickness. Fig. 1(a) shows a typical cross-section of a Z-cut rib waveguide
with SiO2 cladding.
The difference in the waveguide dimensions at the top and bottom of the rib is due to the
sidewall angle introduced by the etching process. LNOI waveguides support both TE and TM
polarization and the electromagnetic field distribution is displayed in Fig. 1(b) and Fig. 1(c) for
TE and TM modes.
The fabrication process implemented to realize the ultra-low loss photonic circuits is shown
in Fig. 2. The raw sample is a 500 nm thick Z-cut LN film on top of 2 µm thick buried SiO2
layer supported by a single-crystal Z-cut LN substrate; the LNOI wafer (3′′ of diameter) was
fabricated by Nanoln using the smart-cut technique and then diced into 10x10 mm samples.
We use an optimized lift-off technique to define the circuit pattern and then transfer it to the
substrate using RIE. In the first step of the fabrication process, shown in Fig. 2, the positive resist
is patterned by electron-beam lithography (EBL) to define the mask, in order to eliminate the
charging effects of LN, a thin layer of Cr (10nm) was sputtered onto the bare LNOI top surface
prior to spinning resist; the width of patterned structures is 1 µm. The next step consists of metal
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Fig. 1. Design of a 1550 nm LNOI waveguides; the top width is 810 nm, bottom width is
1 µm and the height is 270 nm. The dimensions are extracted from SEM measurements: (a)
schematic cross-section of Z-cut LNOI waveguide; (b) electromagnetic field distribution for
TE mode; (c) electromagnetic field distribution for TM mode.
(Cr) film deposition using an electron beam evaporator, and then lift-off is performed in an NMP
(N-Methyl-2-pyrrolidone)-based solution. The thickness of the metal layer is optimized to the
selectivity of the etching process and depends on the desired etch depth. A Cr layer thickness
of 60 nm was used in this experiment. The chip is then etched in a mix of fluorine (CHF3)
and argon (Ar) plasma allowing smooth and near vertical sidewalls due to the combination of
plasma chemical etching ensured by CHF3 and physical sputtering provided by Ar. The etching
selectivity of metal mask over LN is 1:7. The metal mask is then removed via wet etching and
the final structure cladded with plasma-enhanced chemical vapor deposition (PECVD) SiO2
3 µm thick. The top cladding reduces the scattering loss induced by the sidewall roughness, due
to index contrast reduction between waveguide and top cladding, facilitates further packaging
processes (dicing and chemical-mechanical polishing) of the final device, and protects the fragile
structure from damage.
3. Results
The fabricated structures were investigated using optical microscope, surface profilometer,
scanning electron microscope (SEM), atomic force microscopy (AFM) and focused ion beam
(FIB). The low roughness resulting by our fabrication process is shown in Fig. 3(a); AFMwas used
to confirm the < 2 nm RMS sidewall roughness. The measurements are performed by focusing the
AFM tip perpendicular to the sidewall of waveguide. The rib waveguide cross-section, obtained
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Fig. 2. Fabrication process of LNOI waveguides: (a) a cross-section of the initial LNOI
substrate used for waveguide fabrication; (b) a positive resist is patterned by electron-beam
lithography followed by a metal film layer deposition using an electron beam evaporator;
(c) hard metal mask is formed via lift off technique; (d) RIE to transfer the pattern into
the lithium niobate followed by the metal mask removal via wet etching; (e) etched rib
waveguide without metal mask; (f) plasma-enhanced chemical vapor deposition (PECVD)
deposition of SiO2 protective layer over fabricated structure.
by focused ion beam milling, shows a sidewall angle of ∼75◦ and an etch depth of 270 nm,
approximately half the film thickness Fig. 3(b).
The optical loss characterization of a 50 µm s-bend waveguide (shown in Fig. 4(a)) is performed
using the Fabry-Perot (FP) loss measurement technique [29]. The bend is used to reduce direct
laser light coupling between input and output fibres. Laser light at 1550 nm wavelength is
coupled into and out of the polished facets of the waveguide using polarization maintaining
(PM) lensed fibers with a mode field diameter of 2 µm. The total input and output coupling and
propagation loss is 15 dB for a 5 mm long chip. The vast majority of the losses are attributed to
the coupling inefficiencies and not the propagation loss of the waveguide; our coupling efficiency
measurements achieved are comparable with [3]. Many optical transmission spectrums using TE
and TM polarized light were measured to enable calculation of the Fabry-Perot losses; a typical
optical transmission spectrum is shown in Fig. 4(b) for TE (TE and TM modes have a similar
response). The accurate estimation of the waveguide’s propagation loss via the FP technique
requires the effective index of the waveguide, which can be found by the free spectral range
(FSR) of a ring resonator of known dimensions. For this purpose, we designed and characterized
a microring resonator, shown in Fig. 4(c), and the optical transmission spectrum is reported
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Fig. 3. Scanning electron microscope images: (a) typical sidewall roughness achieved with
optimized fabrication process; (b) cross-section of an optical component discussed in this
article.
in Fig. 4(d). The low quality factor (∼1000) of the ring reported here is due to the significant
bending loss resulting from the small radius 15 µm of the ring. High quality factor ring resonators
can be easily designed and fabricated by increasing the bend radius.
The effective index neff = λ2/(Lc · FSR), is obtained using the measured FSR = 10 nm
(9.5 nm) for TE (TM), ring radius R = 15 µm and Lc = 2piR + C, where the coupling length C =
20 µm [30]. The FSR was measured as the distance between two dips in Fig. 4(d). The result is
neff = 2.00 (2.05) for TE (TM) polarization, which is in good agreement with our FDTD mode
solver simulation. The propagation loss is calculated to be ∼ 0.41 ± 0.02 (0.93 ± 0.06) dB/cm for
TE (TM) polarization. The error is calculated from the standard deviation of the fringe’s noise.
4. Discussion
The transmission measurements show that the optical losses are dominated by the coupling losses
introduced by mode mismatch between the lensed fiber and the waveguide, the facet quality,
the reproducibility of the spot-size of commercially available lensed fibres and the precision of
the experimental setup. We hope to improve coupling efficiency by optimizing the waveguide
facet quality; in addition to this, we plan to implement inverse tapers and grating couplers—the
near-vertical angle of our waveguides enables the fabrication of these photonic components. We
hope that by improving coupling efficiency of our low propagation loss, our platform will become
very competitive. Our sidewall angle of ∼75◦ in LNOI waveguides is a significant improvement
over previously reported ∼40◦ [3, 31] and close to commercially available waveguides in other
platforms. Furthermore, to our knowledge, this is the first single mode waveguide reported in
Z-cut LNOI fabricated via RIE, and the measured sidewall roughness of < 2 nm RMS is the lowest
reported to date in this material. Both sidewall angle and roughness can be further improved by
increasing the ratio of chemical etching over physical sputtering.
While LNOI photonic components demonstrated here exhibit ultra-low optical propagation
loss, the relatively shallow etching depth results in weak mode confinement, which sets a limit
to the minimum bend radius achievable, hence limiting the circuit complexity. However, the
minimum bending radius (∼80 µm) numerically estimated for the waveguides discussed in this
paper and the demonstrated ability to achieve small gaps between optical components, make this
platform promising for photonics applications. By increasing the etch depth, we expect to achieve
higher component density while preserving low propagation loss, which is comparable to AlN
and SiN [11].
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Fig. 4. Transmission spectrum of fabricated devices: (a) SEM image of a LNOI s-bend
waveguide; (b) transmission spectrum of s-bend LNOI used for calculating the propagation
loss of the TE mode; (c) optical ring resonator with 15 µm radius and 300 nm gap between
ring and bus waveguide used in this experiment; (d) transmission spectrum of the ring
resonator used to determine the effective index of the TE mode. The vertical dashed gray
lines highlight four neighbouring resonances of the ring; their separation gives a FSR of
10 nm.
5. Conclusion
We have reported the fabrication of ultra-low loss single mode waveguides at telecom wavelength,
lower than commercially available Si and SiN photonic platforms. The key advantage of using
LNOI over Si and SiN is the second-order nonlinearity (not present in these materials due
to the centrosymmetry of their crystalline structures) which enables the implementation of
frequency converters, ultra-fast and lossless switches, as well as single photon sources for
quantum technology. Future work will focus on the optimization of the process on x-cut LNOI,
which can simplify the poling process, and MgO:LNOI, which has 170x higher optical damage
threshold than undoped LN, and can support high power wavelength conversion applications.
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C h a p t e r 4
NANOSTRUCTURING OF LNOI FOR EFFICIENT EDGE
COUPLING
Launching light from a laser into a photonic chip and collecting it again from
the device output has long been a challenge faced by many photonic platforms.
While mature low-index contrast platforms such as titanium indiffused and proton
exchanged lithium niobate naturally couple well to fibres, their low integration density
excludes them from many applications, unlike SOI, which has struggled to lower
coupling losses. Many attempts to reduce coupling losses in SOI including on-chip
lenses, optimised grating couplers, bilayer adiabatic tapers and nanotapers have been
investigated, and finally SOI has managed to get edge-coupling losses to single-mode
fibres to below 0.5 dB/facet—this sets a clear target for LNOI.
In the previous chapter, competitive low propagation loss waveguides were demon-
strated; however, with a coupling loss of ∼ 10 dB/facet. When < 1% of the light
makes it from the input to the output of the device due to facet loss, power efficient
modulators and efficient nonlinear generation for modern day telecommunicatoin,
quantum and sensing applications cannot be achieved.
In this chapter, the engineering challenges associated with nanostructuring and
designing a low loss edge-coupler in LNOI are overcome. Inverse tapers with tip
widths down to 200 nm are fabricated and characterised to show a polarisation
independent, broadband low coupling loss of ∼ 2 dB/facet, competitive with many
of today’s photonic platforms, and significantly closer towards the best SOI results.
This work represents the first step towards efficient LNOI circuitry; low propagation
loss waveguides are combined with efficient edge-couplers setting a loss benchmark
for LNOI. Optimisations based on those used in SOI, in particular bilayer adiabatic
tapers consisting another material, such as silicon oxynitride (SiON), still need to be
investigated to potentially further lower the coupling losses.
Contribution summary I conducted most of the design, simulation, device fab-
rication and characterisation. Dr Tambasco assisted with design, fabrication and
characterisation of the sample. The manuscript was written jointly by me, Dr
Tambasco and Dr Peruzzo.
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Abstract: We present the design, fabrication and characterization of LNOI fiber-to-chip inverse
tapers for efficient monolithic edge coupling. The etching characteristics of various LNOI crystal
cuts are investigated for the realization of butt-coupling devices. We experimentally demonstrate
that the crystal cut limits the performance of mode matching tapers studied in this work. We
report a butt-coupling loss of 2.5 ± 0.5 dB/facet across the C/L-band and 6 dB/facet (at 1550 nm)
by implementing 200 nm tip mode matching tapers in +Z-cut LNOI and X-cut MgO:LNOI,
respectively. We anticipate that these results will provide insight into the nanostructuring of
LNOI and into the further development of efficient butt-coupling in this platform.
© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction
Lithium niobate on insulator (LNOI) and magnesium oxide doped LNOI (MgO:LNOI) have
recently emerged as promising photonic platforms. Many key components have been demonstrated
in LNOI including low-loss waveguides [1], electro-optical modulators [2, 3], and wavelength
converters [4], while MgO:LNOI has been minimally investigated despite its superior high
power properties over LNOI [5–7]. Efficient coupling of light into LNOI waveguides is a major
challenge yet to be overcome before this platform can be competitive with high-index contrast
platforms including silicon on insulator and silicon nitride [8–10]. Broadband, efficient and
polarization insensitive coupling of light into photonic chips is essential for devices including
Mach-Zehnder modulators and wavelength converters, as well as for reliable packaging of
photonic chips [11–13].
Several approaches including the use of grating couplers, lensed fibers, high numerical aperture
fibers and inverse tapers have been used to improve coupling efficiency [8, 14–16]. Grating
couplers, which are commonly used for vertical coupling into the chip, allow good coupling
efficiency and the ability to access circuits inside a chip with alignment tolerances; however,
compared to butt-coupling, limit the wavelength and polarization performance of devices and are
prone to fabrication errors [8,17,18]. Butt-coupling is insensitive in wavelength and polarization;
however, suffers from high mode-mismatch losses unless mitigated, for example, with spot size
converters via inverse tapering [15, 16, 19, 20].
It has been demonstrated that LNOI can be nanostructured [1,2, 17,21], though the fabrication
of small features required for inverse tapers is challenging due to the highly isotropic etching of
LN in argon (Ar) plasma, dependent on crystal cut and MgO doping. The non-vertical sidewall
angle limits the minimum feature size down to which LNOI may be structured.
In this paper, we analyze the material limitations in nanostructuring various LNOI and
MgO:LNOI faces. We then design, fabricate and characterize mode-matching tapers on +Z-cut
LNOI and X-cut MgO:LNOI with coupling loss of 2.5 dB/facet and 6 dB/facet respectively with
a 200 nm tip.
                                                               Vol. 27, No. 12 | 10 Jun 2019 | OPTICS EXPRESS 16578 
#360620 https://doi.org/10.1364/OE.27.016578 
Journal © 2019 Received 20 Feb 2019; revised 6 Apr 2019; accepted 10 Apr 2019; published 29 May 2019 
Fig. 1. Calculated minimum feature size versus sidewall angle for several etch heights. The
minimum feature size that can be achieved for +Z-cut LNOI and X-cut MgO:LNOI are
shown as inset. The schematic representation of minimum feature size definition is shown
on the side of the picture. A thin LN film (blue) is seated atop SiO2 (pink), where f is the
width of the minimum achievable feature and is dependent on the sidewall angle, θ, and the
etch depth, H.
2. Nanostructuring LNOI
Recently, we demonstrated that by mixing argon and fluorine ions during plasma reactive ion
etching (RIE) it is possible to achieve low loss rib waveguides with sidewall angle of 75° on
+Z-cut LNOI [21]. In this paper, we apply the developed fabrication process to a range of
commercially available LNOI types, reporting their etching characteristics in Table 1. The
nanostructuring characterization enables to determine the minimum achievable feature size
afforded by the particular cut and MgO doping of the LNOI platform. Figure 1 shows the
dependence of minimum feature size on sidewall angle. We calculate the the minimum bottom
width of a feature that can be fabricated for different etching depths up to 700 nm. It can be seen
that sidewall angle strongly limits nanostucturing of LN films.
For example, the 50° angles resulting from Ar milling will, in the best case, allow 500 nm
wide features etched 300 nm deep, making the design and fabrication of efficient mode matching
inverse tapers and gratings challenging. On the other hand, +Z-cut LNOI has a 75◦ etch angle,
which allows feature widths down to ∼ 180 nm for the same 300 nm etch depth.
In order to investigate limitations of the fabrication process, we choose five LN samples:
+Z-cut LNOI and X-cut LNOI with film thickness 500 nm, +Z-cut MgO:LNOI and X-cut
MgO:LNOI with LN thin film thickness of 600 nm, and −Z LN bulk substrate 500 µm thick.
All samples are then patterned based on the process discussed in [21] to achieve a ∼1 µm wide
metal mask for rib waveguides. A Cr conductive layer is used under the positive resist to
prevent charging during the electron beam lithography (EBL) process. A 70 nm chromium (Cr)
layer is then evaporated onto the patterned resist and lift off performed using a heated NMP
(N-Methyl-2-pyrrolidone)-based solution. The samples are then etched with the same recipe in
an RIE using a mix of fluorine (CHF3) and argon (Ar) plasma followed by residual mask removal
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Table 1. Etching Characteristics of Different LNOI Types.
Material Etching rate[nm/min]
Degree of
Anisotropy, D
Sidewall angle
[◦]
Propagation loss
[dB/cm]
LNOI Z-cut (+Z) 18 0.86 75 less than 0.1
LN Z-cut (−Z) 18.6 – 78 not on insulator
LNOI X-cut 14.6 0.76 70 less than 0.1
MgO:LNOI Z-cut 14 0.25 60 1
MgO:LNOI X-cut 16.6 0.45 71 less than 0.1
in commercially available Cr etchant. The etching characteristics are deduced based on SEM
imaging of the waveguide cross section as well as atomic force microscopy (AFM) measurements.
Finally, the waveguides fabricated on LNOI and MgO:LNOI are cladded with 3 µm of plasma
enhanced chemical vapor deposition (PECVD) SiO2, diced on a Disco DAD-321 using optical
grade dicing, and their optical propagation losses measured. The propagation loss of −Z LN
bulk was not measured due to the absence of bottom cladding.
We analyze various etching properties of LNOI including etch rate, sidewall angle, degree
of anisotropy and propagation loss. The degree of anisotropy, D, is defined as D = 1 − B/2H,
where B = Wmask-W f inal is the etch bias, defining the amount of lateral etching, Wmask and
W f inal are the pre-etching and post-etching widths, and H is the etch depth.
Z-cut LN is more chemically active in fluorine plasma than X-cut, as a result, it is possible to
achieve faster etching rates, better anisotropy and near-vertical sidewall angles with Z-cut; this is
reflected in our tests—we observe slower etching rates and a smaller degree of anisotropy for
X-cut LNOI and we found that it possesses more shallow sidewall angle, however we did not
observe effect of this on the optical propagation loss Table 1, measured by using the Fabry-Perot
technique and discussed in our previous papers [21, 22]. It is well known that ±X faces of LN
have similar etching characteristics, meanwhile large differences can be observed for +Z and
−Z faces, that was confirmed in our experiments and reported in the Table 1. It was also shown
that MgO:LNOI possesses different characteristics to not doped LNOI. It is more resistant to the
etching process, moreover exhibits less anisotropy and Z-cut MgO:LNOI possesses the slowest
etching rate and the most shallow angle compared to the other investigated LN crystal cuts.
These results can be explained by its faster etching rate in lateral direction, which reduces the
waveguide width resulting in increased propagation loss due to the enhanced light interaction
with the waveguide sidewalls causing increased scattering losses.
3. LNOI inverse taper
The typical base width of a C-band single mode LNOI waveguide is < 1.2 µm in Fig. 2(d),
resulting in a mode field diameter (MFD) of ∼1.5 µm; meanwhile, the typical MFD of an optical
single mode (SMF28) fiber is ∼10.4 µm at 1550 nm wavelength light, resulting in a significant
mode mismatch between the optical fiber and the waveguide, increasing the butt-coupling loss.
By exchanging the SMF28 fiber for a lensed fiber, which has a ∼2.5 µm MFD across the C-band,
improved mode matching can be achieved; however, there is still significant mode mismatch. By
combining lensed fibers with inverse tapers, a drastic improvement to the waveguide MFD can
be obtained, enabling good mode matching. The inverse tapers also have the added benefit of
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Fig. 2. Design of inverse taper: (a) schematic representations of light coupling into the
waveguide via an inverse taper; (b) simulated dependence of the overall transmission through
waveguide via taper length for different taper dimensions; (c) simulated mode profiles for
tapers with base widths of 200 and 300 nm for X-cut MgO:LNOI and Z-cut LNOI illustrating
the increase in MFD; (d) the simulated mode profiles for the untapered waveguides in X-cut
MgO:LNOI and Z-cut LNOI discussed in this paper; (e) simulated coupling efficiencies
(with lensed and SMF28 fibers) for tapers with different tip widths in X-cut MgO:LNOI (red
curves) and Z-cut LNOI (blue curves).
matching the effective index of the waveguide to that of the fibre, minimizing back reflections.
Figure 2(a) shows a schematic representation of the designed spot size converter. The device
consists of a linear inverse taper on LNOI, which gradually becomes thinner towards the chip
facets. The light is coupled in and out of the chip through the tapered regions using lensed fiber,
and the width of the tip, typically 100–300 nm, is designed to achieve a good overlap between
the fiber mode and the waveguide mode; a narrower tip width leads to a larger MFD, as can
be seen from the simulated mode profiles shown in Fig. 2(c). The nominal mode field profile
of the LNOI waveguide discussed in this paper is shown in Fig. 2(d). Moreover, smaller taper
tips improve the fibre–waveguide impedance matching. The reflectivity, R, was estimated using
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Fig. 3. Scanning electron microscope pictures of an etched single mode X-cut MgO:LNOI
waveguide: (a) waveguide sidewall imaged at a 40◦ tilt; (b) cross-section taken using FIB
slicing and SEM imaging; the yellow false coloring highlights the waveguide outline. Optical
characterization of fabricated X-cut MgO:LNOI mode-matching tapers and single mode
waveguide: (c) Fabry-Perot measurements of propagation loss performed on 200 nm inverse
taper (the input laser power is 0.5mW); (d) measured optical power distribution at the output
of the untapered waveguide; (e) measured optical power distribution at the output of 200 nm
base width taper and (f) < 100 nm base width taper illustrating the increase in MFD, where
black lines schematically show the fabricated waveguide dimensions.
R = |(neff,f − neff,wg)/(neff,f + neff,wg)|2, where neff,f and neff,wg are the effective refractive indices
of the fundamental fiber and waveguide modes respectively [23]. The reflectivity was reduced
from ∼ 1.2 %/facet for untapered waveguides to 0.1 %/facet for 200 nm tapered waveguides.
We present simulations of the fiber-to-chip coupling efficiency (with lensed and SMF28 fibers)
for different taper tip widths in Fig. 2(e). To adiabatically match the waveguide width at the taper
tip to the nominal waveguide width, the taper length must be sufficiently long. The length of the
taper depends on the tip width and the nominal waveguide width—for smaller tip widths, longer
tapers are required. Simulations of the inverse taper length are performed for all substrates using
an eigenmode expansion (EME) solver, assuming an upperbound propagation loss 0.5 dB/cm [21],
provided by the commercially available software Lumerical Mode. The simulation results are
presented in Fig. 2(b), where it can be seen that for lengths greater than 250 µm, all tapers,
regardless of tip width, have negligible insertion loss.
We target tip widths ∼ 200 nm in +Z-cut LNOI and X-cut MgO:LNOI to ensure a sufficiently
large MFD. It is more challenging to increase the MFD in the thicker 600 nm X-cut MgO:LNOI
film than the 500 nm for +Z-cut LNOI, so we expect increased coupling loss. Based on the
minimum feature size calculations presented in Fig. 1, we expect to be able to achieve taper
tips down to 170 nm in +Z-cut LNOI and 210 nm for a 300 nm etch in +Z-cut LNOI and X-cut
MgO:LNOI respectively. To compensate for etch bias, the taper tip widths are increased in the
mask layout to achieve wider metal lift-off features that then etch down to approximately the
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Fig. 4. (a) Scanning electron microscope of an etched taper in Z-cut LNOI tip; the false
blue-coloring highlights the base and top edges of the taper tip. (b) Measured optical
power distribution at the output of 200 nm taper, where black lines schematically show the
fabricated waveguide dimensions. (c) Measured fiber-chip-fiber transmission spectrum for
the taper with 200 nm tip width and the 1 µm wide waveguide.
target width.
We lifted off 400 nm and 500 nm taper tips on X-cut MgO:LNOI resulting in etched base
width tips <100 nm and 200 nm. The fabricated MgO:LNOI waveguides sidewall is shown on
the Fig. 3(a) taken prior to SiO2 cladding; the sidewall roughness is estimated to be ∼ 2 nm RMS
as reported in our previous work [21] and the the etched waveguide profile is cross-sectioned
using focused ion beam (FIB) milling and then SEM imaged at a 50◦ angle as shown in Fig.
3(b). The transmission spectrum of the 200 nm taper is shown in the Fig. 3(c) corresponding
to a propagation loss of < 0.1 dB/cm based on the Fabry-Perot technique. The laser light is
coupled in and out of the chip via a pair of polarization maintaining (PM) lensed fibers. The
output transmission of the waveguide is monitored over a 3× 3 µm window by sweeping the fiber
position and recording the transmitted power at each point. The unprocessed fiber measurements
presented show two metrics: the relative MFD increase between tapered and untapered devices,
and the precise fiber misalignment tolerance in both the x and y directions. The coupling loss of
a nominal width (untapered) MgO:LNOI waveguide is 10 dB/facet and the power distribution
at the output is shown at the Fig. 3(d), meanwhile the 200 nm taper achieves a transmission
of 6 dB/facet and a 3 dB fiber misalignment tolerance of ∼ 1.5 µm and ∼ 800 nm in x and y
respectively—the power distribution shown in Fig. 3(e). In general, a smaller taper tip leads
to a larger waveguide MFD resulting in higher butt-coupling efficiency; however, the overall
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transmission through the <100 nm taper drops as the tip becomes increasingly narrow due to
the etch bias. Towards the tip of the inverse taper, the MgO:LNOI film has excessively thinned
and does not support a guided mode. Figure 3(f) shows that butt-coupling is still possible as
the inverse taper eventually becomes wide enough to pick up the leaky mode of the <100 nm
tip; however, the structure exhibits a high loss of ∼13 dB/facet due to increased roughness and
defects introduced by the plasma ions as result of lateral etching.
Due to the significantly larger degree of anisotropy of the +Z-cut LNOI (over the X-cut
MgO:LNOI), narrower taper tips of width 200 nm and 300 nm were lifted off and etched. The
300 nm lift-off mask resulted in the target ∼200 nm etched tip width as shown in Fig. 4(a). We,
again, record the power distribution at the taper output in Fig. 4(b) and measure an overall
coupling loss of 2.5 dB/facet and a 3 dB fiber misalignment tolerance of ∼ 1 µ and ∼ 850 nm in
x and y respectively. A 1D analytic deconvolution of the center row slice of the output power
distribution with a lensed fibre gives an MFD of ∼ 1.63 µm, which agrees well with the predicted
simulation value of ∼ 1.66 µm found using Lumerical Mode. The transmission spectrum for the
taper with 200 nm tip width and the 1 µm wide waveguide is presented in Fig. 4(c) showing the
increase in coupling efficiency over the C- and L-bands. The taper spectrum is less noisy than the
untapered wavegiude spectrum due to minimized cavity effects. The 200 nm lift off mask taper
suffered similar film thinning issues as those seen with the narrower MgO:LNOI taper, resulting
in a coupling loss of ∼12.5 dB/facet.
The measured coupling efficiencies are 35 % less than predicted by the simulations presented in
Fig. 2(e). This can be attributed to experimental limitations including imperfect lensed fiber spot
size, fiber-to-chip misalignment errors (especially in pitch and yaw) caused by stage movement
accuracy, as well as simulation imprecisions such as estimations of material properties.
The quality of the mode matching tapers is strongly affected by the etching properties of the
(MgO:)LNOI. We observe improvements in coupling efficiency for both X-cut MgO:LNOI and
+Z-cut LNOI at ∼200 nm base taper tips widths. Due to the less anisotropic etching of X-cut
MgO:LNOI, the performance of the spot size converters is strongly compromised. Although etch
bias may be compensated by increasing mask dimensions, the minimum feature size is limited by
the etch angle and depth.
4. Conclusion
The fiber–waveguide mode matching that can be achieved using the single layer inverse taper spot
size converter is restricted by the etching properties of LN thin film. We have studied some of the
fabrication limitations of the LNOI platform. Even nanostructuring with a 75◦ waveguide sidewall
angle, the minimum achievable feature size hinders the fabrication of ∼ 200 nm taper tips needed
for efficient monolithic inverse taper butt-coupling. We demonstrated design and fabrication of
LNOI inverse taper for improved mode matching between the mode of an optical fiber and that of
LNOI photonic components. We achieve butt-coupling efficiencies of 2.5 ± 0.5 dB/facet across
the C/L-band and 6 dB/facet (at 1550 nm) for +Z-cut LNOI and X-cut MgO:LNOI respectively,
while preserving low propagation losses of < 0.1 dB/cm in both cases. These results play a critical
role in the understanding of LNOI nanostructuring for photonics, and towards the development
of efficient monolithic butt-coupling devices, and more complex edge-couplers such as bilayer
couplers—a major obstacle for LNOI to become competitive photonics platform.
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HIGH COUPLING EFFICIENCY GRATING COUPLERS IN LNOI
Grating couplers are an alternate coupling technology to edge-couplers—rather than
light being launched and collected at the chip facet, the top face of the chip is used.
Grating couplers can only be made in high-index contrast platforms, such as SOI,
while traditional LN cannot support grating couplers; with the emergence of LNOI,
grating couplers can now be implemented in LN.
In the previous chapter, efficient edge-couplers in LNOI were proposed and demon-
strated; however, all demonstrated devices were at least as long as the chip and there
were strict fibre alignment tolerances, which are expensive to achieve in practise.
While edge coupling, from a performance perspective, is a superior technology,
extending devices to chip facets can waste chip realestate, further increasing cost and
limiting the number of devices that can be characterised on a chip. Grating couplers
naturally have minimal alignment tolerance and enable in-chip coupling, potentially
significantly reducing device footprint. In practise, grating couplers can be used to
lower cost for mass device characterisation, and fixed wavelength and polarisation
applications where increased power loss can be tolerated.
In this chapter, the engineering challenge to reliably nanostructure dense features in
LNOI is overcome to realise a series of high efficiency grating couplers in LNOI.
The grating couplers presented in this work have the highest efficiency reported in
LNOI, ∼ 45 %, and are close to those achievable in SOI, setting a benchmark for
vertical coupling. Improvements to the grating couplers remain to be investigated,
with focussing grating couplers being the next logical step, and the optimisation of
the LNOI material stack thickness to avoid any unwanted resonances. The work
presented in this chapter will facilitate cost effective characterisation of devices for
many applications, and is especially useful for the cryogenic temperature requirements
imposed by quantum technology.
Contribution summary I conducted most of the design, simulation, fabrication
and characterisation. Dr Tambasco assisted with design, fabrication and character-
isation. Dr Chapman helped assemble the measurement setup and collate optical
data. The manuscript was written by me, Dr Tambasco and Dr Peruzzo.
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Abstract: We demonstrate monolithically defined grating couplers in Z-cut lithium niobate on
insulator for efficient vertical coupling between an optical fiber and a single mode waveguide.
The grating couplers exhibit ∼ 44.6%/coupler and ∼ 19.4%/coupler coupling efficiency for TE
and TM polarized light respectively. Taperless grating couplers are investigated to realize a more
compact design.
© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction
Lithium niobate on insulator (LNOI) is emerging as a promising platform for photonic technology.
Recent works highlight the potential of the high index contrast lithium niobate platform
through low-loss waveguides [1], optical modulators [2, 3], tunable ring resonators [4–6] and
nonlinear effects [7]. This platform has potential to make a mark in fields ranging from
telecommunications [2, 3] to quantum computing and communication [8] as well as sensing [9];
however, many challenges are yet to be overcome.
A major obstacle hampering the long-term success of photonic platforms is the large fiber-
to-chip coupling loss. Ultimately, compact, low-loss, wavelength and polarization insensitive
in–out couplers are needed to improve device efficiency. Much progress has been made with
silicon photonics, including specialized inverse taper [10], metastructured butt-couplers [11] and
low index contrast overlays using materials such as SiON and SU-8 [12–14]. Recent works have
investigated efficient butt-coupling into LNOI [15, 16]; however, this technique is particularly
sensitive to fiber misalignment and requires the waveguides to extend to the facet of the chip,
often consuming valuable chip realestate. Grating couplers allow coupling anywhere inside a chip
with minimal fiber alignment tolerance [17]; this is critical for the efficient mass characterization
of devices across a wafer and useful for specific fixed-wavelength and fixed-polarization devices.
Grating couplers can be challenging structures to fabricate as they consist of narrow and
closely spaced ridges. Significant works in Si and SiN to optimize grating couplers via apodizing
the gratings [18], using underlying reflective stacks [19] and curving the gratings [20] have
been demonstrated. Minimal grating coupler work in LNOI has been demonstrated to date,
possibly due to the challenges in nanostructuring lithium niobate [8, 21, 22]. Focused ion beam
(FIB) was used to demonstrate proof-of-principle grating couplers in LNOI [21], and Si on
LNOI gratings [22] were presented, and recently, gratings from etched LNOI were shown [8].
Unfortunately, grating couplers in LNOI reported to date are affected by low coupling efficiency.
In this work, we demonstrate high efficiency monolithically defined C-/L-band (1520–
1630 nm wavelength) grating couplers in Z-cut LNOI with efficiency of ∼ 44.6%/coupler for
TE polarization, and ∼ 19.4%/coupler for TM polarization. Grating coupler design parameters
are investigated through simulation and experiment, and the performance of compact (taperless)
grating couplers is evaluated. We anticipate these results to assist in the production of efficient
LNOI devices.
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Fig. 1. (a) A schematic representation of the fabricated sample cross-section, where Λ is
the grating coupler period, w is the tooth width and D = w/Λ is the grating duty cycle. (b)
Semi-analytic calculation of the grating period and duty cycle for TE and TM polarization
to couple 1500 nm, 1550 nm and 1600 nm wavelengths. Scanning electron microscope
images of fabricated grating couplers on Z-cut LNOI taken at a 40◦ tilt with light-blue false
coloring to highlight the fabricated structures: (c) grating couplers with mode-matching
tapers; (d) close-up of an etched grating with period Λ = 0.96 µm and duty cycle D = 40%;
(e) close-up of the lower corner of a grating coupler. (f) An optical micrograph showing
three entire grating coupler structures.
2. Design and fabrication
We designed and fabricated C-/L-band grating couplers on Z-cut LNOI. The schematic represen-
tation of the grating cross section is shown in Fig. 1(a) 500 nm thick Z-cut LN thin film (TFLN)
atop a 2 µm thick buried SiO2 layer and 100 nm gold (Au) layer supported by a single-crystal
Z-cut LN substrate. The gold layer was already present in the wafer for use as a ground electrode
for electrically tunable ring resonators [5]. The sample was patterned and etched 400 nm deep
using the process reported in [23]. The first order (O = 1) grating period (Λ) and duty cycle
values (D) presented in Fig. 1(b) are estimated semi-analytically for TE and TM polarized light
with wavelengths 1500 nm, 1550 nm and 1600 nm via
Λ =
2piO
β − k0ninc sin(θinc) (1)
where k0 = 2pi/λ0 is the free space wavenumber and λ0 is the corresponding operating wavelength,
β = neffk0 is the propagation constant, and ninc = 1 is the refractive index of the cladding medium,
which in this case is air [17]. The effective index, neff , was found using a fully vectorial mode
solver taking into account the wavelength and temperature dependent anisotropic refractive index
of lithium niobate. All designs are based on an incident fiber angle of θinc = 8◦.
Based on the simulation results in Fig. 1(b), grating coupler structures with periods ranging
Vol. 27, No. 13 | 24 Jun 2019 | OPTICS EXPRESS 17682 
Fig. 2. Simulated and measured transmission spectrum of the grating couplers for the TE
(a), and TM (b) polarization. Simulations of the induced losses due to gold layer cavity are
reported in the insets. Data for the straight (curved) gratings are plot in blue (red) color. (c)
False-color SEM pictures of straight and curved gratings.
from 0.92 to 1 µm (TE operation) and 1 to 1.08 µm (TM operation) were fabricated. These
structures consist of two 12 × 10 µm grating couplers to couple light in and out of the chip, two
mode-matching tapers with widths linearly varying from 12 to 1 µm over a 200 µm length, and
a 200 µm long and 1 µm wide waveguide. An optical micrograph showing three complete test
structures is presented in Fig. 1(f), while Fig. 1(c)-(e) show false colored scanning electron
microscope (SEM) images of a grating coupler at various magnification levels.
3. Results and discussion
Two SMF-28 fibers at an 8◦ angle have been used to couple light in and out of the grating couplers.
The wavelength response of the structures has been recorded by continuously sweeping the laser
wavelength from 1520 to 1630 nm and measuring the overall transmission through the device.
The transmission has then been normalized to the wavelength spectrum of the laser. We assume
that the propagation loss in the straight waveguides and in the inverse tapers is negligible based on
our previous experiments [23] and that in and out grating couplers have similar performance. The
transmission (T) can therefore be used to calculate the efficiency of each coupler as η =
√
T [17].
Figure 2(a) shows the measured and simulated transmission spectrum of the grating couplers
with Λ=0.92 and 0.96 µm and D = 40% for TE polarized light. The dashed blue curve is the
simulated coupling efficiency computed by Lumerical FDTD. We achieve 20% fiber-to-fiber
transmission corresponding to a grating coupler efficiency of ∼ 44.6%/coupler, which is 4%
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less than predicted by simulations. Using a curved grating coupler, which does not require a
long inverse taper and is shown in a red colored SEM image in Fig. 2(c), we observe a coupling
efficiency of ∼ 24%/coupler. In Fig. 2(b) we report TM transmission measurements using
grating couplers with periods Λ = 1.04 and 1.08 µm and duty-cycle D = 55%; the corresponding
dashed-blue curve highlights the simulation result. We implement compact curved grating
couplers with the same period and duty-cycle, and observe lower transmission mainly due to
the mode mismatch between the grating coupler and the single mode waveguide. However, for
the curved grating with Λ =1.08 µm we achieve an overall transmission of 3.8% and a coupling
efficiency of 19.4%/coupler.
To better understand the transmission spectrum, we further investigated the influence of the
gold bottom layer on the grating coupler performance using a Fourier modal method (FMM) film
analysis simulator, S4. We found that due to the presence and position of the gold layer, the stack
in Fig. 1(a) forms a resonant cavity around 1550 nm wavelength for TM causing gold absorption
losses; the insets to Fig. 2(a) and (b) show the simulated absorption spectrum for TE and TM
polarized light. We observe a transmission dip around 1550 nm wavelength for the experimental
TM measurements of the straight grating couplers with a period of Λ =1.04 µm that can be
associated to cavity losses caused by the material stack. We note that material stack absorption
should not impact the performance of the grating couplers operating under TE polarized light,
as can be seen from the inset to Fig. 2(a). The material stack cavity losses can be mitigated by
shifting the cavity resonance away from the grating coupler operating wavelength by potentially
adjusting the film thickness of the LN, the thickness of the SiO2 bottom cladding, or the grating
coupler etch depth.
4. Conclusion
We have presented record high-efficiency grating couplers fabricated using reactive ion etching
(RIE) in Z-cut LNOI. Semi-analytical modelling, FDTD modelling and FMM film analysis were
used to design and confirm the performance of the fabricated grating couplers. A maximum
measured transmission of ∼ 44.6%/coupler and ∼ 19.4%/coupler for TE and TM grating
couplers respectively was achieved. We anticipate these results to facilitate the development
of complex LNOI circuits, in particular for mass-characterization of photonic components,
simplified fiber-to-chip coupling and compact device design.
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TUNABLE LARGE FREE SPECTRAL RANGE MICRORING
RESONATORS IN LITHIUM NIOBATE ON INSULATOR
The previous works predominately focused on improving the performance of the
developed LNOI platform. In this chapter, a fundamental photonic component—
the microring resonator—is implemented. Microring resonators are a type of
cavity typically used to enhance desirable material phenomena as well as in a
filter configuration. While microring resonators enjoy widespread use in SOI, their
fabrication remains challenging and many design considerations need be accounted
for. Unfortunately, the traditional waveguides used in bulk LN could not be used to
realise microring resonators.
In this chapter, we design and implement a series of microring resonators in LNOI,
evaluating their performance, before applying an electrical field to tune them. Large
free spectral range microrings are specifically investigated as they have broad
application and are significantly more challenging to fabricate in LNOI than in SOI
due to the platform bend radius.
The work in this chapter is critical to implementing resonantly enhanced devices for
quantum technology, where QD-waveguide and SNSPD-waveguide interactions must
be increased, and sensing technology, where small refractive index changes need be
amplified. A tunability of 3 pm/V is presented—the highest to date in the Z-cut LNOI
platform—that could be of use in telecommunication filtering and quantum photonic
source filtering. While microring resonators still require significant optimisations,
both in design and nanofabrication, to approach the quality of those in SOI, this
chapter serves to introduce microrings in LNOI, and showcase their potential both in
terms of FSR and tunability.
Contribution summary DrTambasco and I conducted all the process development,
design, device fabrication, simulation and characterisation. Dr Peruzzo assisted with
the data analysis. The manuscript was written jointly by all authors.
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tunable large free spectral range 
microring resonators in lithium 
niobate on insulator
inna Krasnokutska  , Jean-Luc J. tambasco & Alberto peruzzo  
Microring resonators are critical photonic components used in filtering, sensing and nonlinear 
applications. to date, the development of high performance microring resonators in Lnoi has been 
limited by the sidewall angle, roughness and etch depth of fabricated rib waveguides. We present large 
free spectral range microring resonators patterned via electron beam lithography in high-index contrast 
Z-cut LNOI. Our microring resonators achieve an FSR greater than 5 nm for ring radius of 30 μm and a 
large 3 dB resonance bandwidth. We demonstrate 3 pm/V electro-optic tuning of a 70 μm-radius ring. 
This work will enable efficient on-chip filtering in LNOI and precede future, more complex, microring 
resonator networks and nonlinear field enhancement applications.
Microring resonators are fundamental components in any high-index contrast photonic platform1,2. They are a 
highly sought after cavity component, as they enable on-chip field enhancement as well as spectral filtering and 
fast modulation of optical signals1,3–6. In the past decade, microring resonators have been demonstrated in a mul-
titude of platforms including silicon (Si)7,8, silicon nitride (SiN)9, aluminium nitride (AlN)10,11, galium arsenide 
(GaAs)12,13 and indium phospide (InP)14. The applications of microring resonators are vast, ranging from sensing 
biological samples15, to filtering and demultiplexing telecommunication lines3,13, and generating frequency combs 
for spectroscopy16.
Microring resonators are challenging photonic components to fabricate, as losses incurred in the cavity are 
greatly amplified. To achieve a large free spectral range (FSR) for telecommunication applications and sensing, 
small, single-mode high-index contrast waveguides are required. Microring resonators can also be cascaded to 
increase the spectral enhancement, or create various types of filters17 and this requires very precise and careful 
control of the 3 dB resonance bandwidth and FSR9. In general, a ring performance is limited either by the material 
properties, such as 2-photon absorption in the C-band of Si, or the ability to nanostructure the material to pro-
duce small waveguides with smooth sidewalls.
Lithium Niobate (LN) could greatly benefit from microring resonators to enhance efficiency of nonlinear 
optical and electro-optic (EO) phenomena, as well as prepare it for telecommunication use. Traditionally, LN 
has only supported prohibitive low-index contrast (0.01–0.04) waveguides made by Ti indiffusion (Ti:LN)18 and 
annealed/soft proton exchange (APE/SPE:LN)19,20. There exists further techniques including traditional proton 
exchange (PE)21, as well as specialized PE techniques including high index soft proton exchange (HISoPE)22 or 
high vacuum proton exchange (HiVacPE)23, which enable higher index contast waveguides (0.04–0.14); how-
ever, the performance of these waveguides are often compromised due to destroyed nonlinearities and increased 
propagation loss. With the commercialization of Lithium Niobate On Insulator wafers (LNOI)24, waveguides 
with a high-index contrast (~0.5) can now be realized in LN. Small radius, multimode waveguide rings have been 
reported in LNOI, but suffered from high propagation loss due to fabrication imperfection24,25. Recent improve-
ment in the fabrication process has led to reduced sidewall roughness, enabling the fabrication of ultra-low loss 
waveguides26,27 and microring resonators with extremely high Q-factors26. Due to the complex nature of process-
ing LNOI, low-loss, single-mode, compact rings (down to 30 μm of radius) in LNOI with a high FSR are yet to 
be reported. Due to the complex chemistry of etching LNOI, most etching processes result in ~50° sidewall angle 
waveguide28,29, hampering the ability to produce small gaps, which are critical in the fabrication of grating cou-
plers, compact directional couplers and multistage microring resonator filters; however, this problem was recently 
solved where ~75° sidewall angle waveguides were reported27.
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The tuning and reconfigurability of photonic components is a necessity for many practical applications. 
Tunable rings resonators have been reported in several photonic platforms, including Si, which achieve a 
high-speed modulation via carrier-depletion and thermal wavelength tuning via resistive heaters30. However, 
carrier depletion suffers from increased optical absorption and a limited response time, restricting the perfor-
mance of high-speed switches. Electro-optics offers a solution to these challenges, and has been demonstrated 
in Si on LN31,32, AlN33 and LNOI34–36. The devices reported to date in Z-cut LNOI have either required two-step 
laser lithography35 or had performance challenges due to the waveguides being multimode and having limiting 
propagation losses36.
In this work, we present a detailed study of all-pass microring resonators fabricated monolithically in Z-cut 
LNOI from small, low-loss, high-index contrast and single mode C-band waveguides. We analyze the perfor-
mance of multiple rings with varying radii from 30 μm to 90 μm. The demonstrated heavily overcoupled micror-
ing resonators have a maximum FSR of 5.7 nm and a large 3 dB resonance bandwidth that both agree well with the 
design and simulation. In contrast to previous work who focused on reaching high Qs, this work aims at filtering 
applications where strong coupling between the ring and bus-waveguide is desired which results in a larger band-
width of the cavity resonance and a reduced Q correspondingly. Furthermore, we demonstrate the versatility of 
our fabrication process, etching down to 300 nm trenches in LNOI, critical for advanced photonic components. 
We further report 3 pm/V electro-optic tuning of a 70 μm-radius microring resonator—to the authors’ knowl-
edge, this is the largest to date in Z-cut LNOI. We expect the microring resonators in this work to pave the way 
towards on-chip filtering in LNOI with ring networks, as well as field enhancement applications such as switching 
and nonlinear photon generation.
Design and fabrication
Microring resonators with radii 30–90 μm were designed to obtain an FSR from 1.5 to 5.7 nm and were simu-
lated using the commercially available software, Lumerical. Rings of varying radii were fabricated to analyze the 
FSR and performance for the TE and TM modes. The small bending loss needed for good operation of a 30 μm 
microring resonator required high-index contrast single mode waveguides at 1550 nm. A mode solver was used to 
determine the dimensions required to ensure a sufficiently small TM polarization bend radius. The design of the 
waveguide includes the following parameters: rib height, top width, sidewall angle, refractive indices of the wave-
guide and claddings, and film thickness. The cross-section of a Z-cut rib waveguide cladded with SiO2 is shown 
in Fig. 1(b). The small gap of 300 nm was chosen to heavily overcouple the rings and obtain wide bandwidth 
resonances, rather than extremely narrow resonances that require very precise wavelength tuning to access. A 
simulation of the Q-factor as a function of coupling region gap for the TM mode at 1550 nm of a 30 μm microring 
resonator is shown in Fig. 1(a), and indicates that the 3 dB bandwidth of the microring resonances (FWHM) is 
FWHM = λres/Q = ~155 pm, where λres is the wavelength of the resonance and Q is the Q-factor. The simulation 
was performed using Lumerical Mode; the measured losses, as per the Fabry-Perot measurements presented in 
Fig. 2(a), were taken into account in the simulation model.
The photonic components were fabricated by the process developed and described in our previous work27. The 
process starts with 500 nm thick LN film, which is fabricated using the smart-cut technique on 2 μm of SiO2 layer 
and supported by a 500 μm LN substrate. The next fabrication steps rely on electron beam lithography and lift-off 
of the e-beam evaporated metal layer to obtain a hard mask defining the photonic components. The scanning 
electron microscopy image (SEM) of a waveguide to a ring coupling region just after the metal lift-off process, is 
shown in Fig. 1(e). The components were then dry etched in a reactive ion etcher Fig. 1(d). Following etching, the 
waveguides were cladded with 3 μm thick plasma-enhanced chemical vapor deposition (PECVD) SiO2. The pre-
sented structures were etched deeper than in our previous work to achieve the necessary index contrast, reducing 
the waveguide bending radius. The rib waveguide cross-section, obtained via focused ion beam (FIB) slicing and 
scanning electron microscopy (SEM), shows a sidewall angle of 75° and an etch depth of 350 nm Fig. 1(c). Finally, 
the waveguide facets were diced using optical grade dicing to facilitate butt-coupling. The length of the chip, after 
all processing steps were completed, is 6 mm.
experimental Results
In order to confirm that the photonic components are not limited by the propagation loss, loss measurements 
were performed prior to the characterization of the microrings, using the Fabry-Perot loss measurement tech-
nique37. Laser light at 1550 nm wavelength is coupled into and out of the polished facets of the waveguide using 
polarization maintaining (PM) lensed fibers with a mode field diameter of 2 μm. A typical optical transmission 
spectrum for TM (the TE and TM modes have a similar response) is shown on the Fig. 2(a). Linear inverse tapers 
200 μm long down to 200 nm wide tips are used to improve the mode matching between the lensed fibre and 
the waveguide38, improving the precision and signal to noise ratio of the Fabry-Perot measurements due to a 
reduction in the waveguide effective refractive index, minimizing back-reflections. As the waveguide narrows, 
the mode field diameter at the input and output of the waveguide significantly increases, allowing improved mode 
matching with the mode of the lensed fiber. The total input and output coupling and propagation loss is 8 dB for 
a 6 mm long chip, compared to the 15 dB loss achieved with the straight waveguide without tapering section. The 
estimated upperbound propagation loss is less than 0.5 dB/cm for both the TE and TM modes, which is in agree-
ment with the results obtained in our previous work27. We obtain stable (repeatable) FP contrast measurements 
that vary by just ±0.15%. The slight modulation of transmission spectrum can be attributed to the imperfect 
tapering.
The fabricated microring resonators were characterized by sweeping the wavelength of the laser between 1530 
to 1610 nm and recording their spectral responses with a commercially available high-speed InGaAs photodiode. 
The laser light was injected into and out of a 6 mm bus-waveguide via PM lensed fibers. To decrease the chance 
of interference between multiple oscillations inside of the photonic component, the inverse tapering section was 
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not implemented for the microrings—this led to a drop in the mode matching efficiency. We observe that both 
TE and TM (Fig. 2(b)) modes reaches the largest FSR for the ring with the smallest radius 30 μm; however, the TE 
and TM modes show different results in terms of the achievable Q-factor for this geometry. A Q-factor of ~9000 
was achieved for the TM mode whilst for the TE mode the Q-factor is significantly smaller ~1200. As the radius of 
the ring increases, the Q-factor for TM mode remains almost unchanged (Fig. 2(b)); meanwhile, for the TE mode, 
it significantly increases (Fig. 2(b)) and the highest Q-factor has been achieved for the ring with radius of 90 μm 
Fig. 2(d). This dissimilarity can be attributed to the difference in the bending loss between both modes. It was 
deduced by using our numerical model (Fig. 1(a)) and the value of intrinsic quality factor that TM mode bending 
loss for microring resonator of 30 μm of radius is around 1.5 dB/cm, while for TE mode it estimated to be around 
12 dB/cm for the ring with the same radius. By comparing theoretical and experimental results, the effective index 
for the TE mode is 1.85 and for the TM mode is 1.72 and the TM mode was confined to have an index contrast of 
~0.272, whilst the TE mode is lower ~0.247. As the TM mode has a higher index contrast, a smaller bend radius 
is achieved, enabling smaller microring resonators to be realized. The TE mode bending loss decreased with 
increasing microring resonator radius, leading to an improvement in the Q-factor.
The group indices for the TE and TM modes respectively, ng
TE and ng
TM, are deduced from the fully-vectorial 
mode solver using the Sellmeier equations for lithium niobate: = .n 2 33g
TM  and = .n 2 38g
TE . The FSR can be cal-
culated using FSR = λ2/(ngL), where L is the circumference of the ring (L = 2πR), R is the radius of the ring. The 
simulation curve is plotted with the measured FSR for different microring resonator dimensions in Fig. 3(a,d). 
Figure 1. (a) Simulation of Q-factor as a function of the coupling region gap for a 30 μm radius microring—the 
light red dashed lines demarcate the simulated Q-factor (~10000) for the microring shown in (d). (b) Design of 
a single mode LNOI rib waveguide at 1550 nm wavelength; the top width is 650 nm, the bottom width is 840 nm 
and the waveguide height is 350 nm. Scanning electron microscope pictures: (c) cross-section taken by FIB 
slicing and SEM imaging; (d) an etched 30 μm radius ring with a 300 nm gap between the bus waveguide and 
the ring prior to PECVD SiO2 cladding; (e) false-color image of the coupling region after the lift-off process and 
prior to etching; the false-red highlights the metal etch mask.
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The simulated E-field distributions of the fundamental waveguide modes at a wavelength of 1550 nm (found 
using an in-house mode solver) are included to the figures as insets: Fig. 3(b) for the TE mode, and Fig. 3(e) for 
the TM mode. Also included as insets, Fig. 3(c,f), show the measured power distribution at a wavelength of 
1550 nm in a 3 × 3 μm window; each cell defined by the white grid lines represents a single pixel (a single power 
measurement). The measured power distribution is performed by sweeping the fiber over the output facet of the 
waveguide, resulting in a convolution between the fiber mode and the waveguide mode, smearing and enlarging 
the appearance of the waveguide mode.
electro-optic Resonant Wavelength tuning
An electrode consisting of Cr (20 nm) and Al (500 nm) is deposited directly on the upper cladding of the wave-
guide. The separation between the electrode and the waveguide is designed to be 3 μm, which is estimated to be 
close enough that the electric field extending from the electrode can effectively influence the LNOI waveguide, 
but far enough that the optical loss is not increased. Figure 4(a) shows the simulation result of the static electric 
potential performed using a finite element solver, with the voltage applied across the top and bottom electrodes. 
The bottom electrode, serving as a ground plane, is made from Cr (10 nm), Au (100 nm) and Cr (10 nm).
To demonstrate the electro-optic tuning of the devices, we apply a DC voltage from 0 V down to −55 V across 
the top and bottom electrodes of the microring resonators. The resonance shifts with the applied voltage as shown 
Figure 2. (a) Transmission spectrum of the inverse taper with 200 nm width LNOI used for calculating the 
propagation loss of the TM mode. (b) Measured Q-factors of the ring resonators versus their radius for the TE 
and TM modes. The blue curve corresponds to the TE mode and the red curve corresponds to the TM mode. 
(c) Spectral response of the ring with radius 30 μm for TM mode. (d) Spectral response of the ring with radius 
90 μm for TE mode.
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in Fig. 4(b) corresponding to an average EO tunability of 3 ± 0.04 pm/V. The microring resonators presented in 
this work show similar tunability; however, it has been observed that microrings with radii ≥60 μm experience a 
DC voltage bias offset—at voltages <20 V, the resonance shifts with tunability <3 pm/V, but at higher voltages, the 
resonance shifts at average value 3 ± 0.04 pm/V. Meanwhile, rings with radii ≤50 μm have a constant tunability of 
~3 pm/V even at lower voltages (<10 V), as shown in Fig. 4(c). Previous works in LNOI also experience voltage 
bias offsets; for example, a 50 V bias offset was presented for the same radius (50 μm) microring resonator in36, 
making low voltage applications challenging.
Discussion
The Fabry-Perot transmission measurements were conducted on straight waveguides with inverse tapers at both 
ends and indicate low propagation loss for this platform. The overall insertion loss of the waveguides is dominated 
by mode-mismatch between waveguide and optical fiber, despite the significant improvement of provided the 
inverse tapers. Given that the straight waveguides measured have identical dimensions to the waveguides used 
in the ring resonators and were fabricated on the same chip, the propagation loss in the rings are concluded to be 
equally low loss.
The demonstrated ring resonators are designed to be strongly overcoupled, increasing their 3 dB resonance 
bandwidth (and, conversely, reducing their Q-factor). A 300 nm gap in the bus waveguide to microring coupling 
region provides strong overcoupling. The potential of the nanofabrication process used in this work27 could be 
further extended to photonic components including grating couplers and compact directional couplers.
The Q-factor measurements show that it is possible to achieve small and high performance microring resona-
tors for the TM mode—critical for electro-optic and nonlinear applications. Meanwhile, the TE mode bending 
losses significantly limit the Q-factor of the smaller radius microring resonators; however, increasing the ring 
radius leads to a substantial increase in Q-factor. It demonstrated that the TM mode can achieve a smaller bend 
losses than the TE mode, as the index contrast of the TE fundamental mode is less than that of the TM fundamen-
tal mode, as verified by both our in-house mode solver, and by the Q-factor simulations conducted in Lumerical 
Mode for the 30 μm ring.
It was found that the theoretically predicted results for the microring resonators demonstrated in this paper 
are in a good agreement with the experimental results (Fig. 3). The deviation for ng is less than 2% leading to 
precise agreement between the designed and measured FSRs for different ring geometries. Using 350 nm deep 
ribs, a small TM bend radius was achieved to enable 30 μm TM microring resonators with an FSR of 5.7 nm. The 
Figure 3. (a) Measured FSR as the function of a microring resonator radius for the TE mode and (d) for TM 
mode; the blue circles are measured values, whilst red line is theoretically predicted dependence of FSR on 
microring resonator radius; (b) the simulated electrical field distribution for the TE mode and (e) for the TM 
mode; (c) measured optical power distribution at the output of the chip for the TE mode and (f) for the TM 
mode, where black lines schematically show the actual waveguide dimensions.
Figure 4. (a) Simulation results of electrical field. (b) Spectrum of the optical resonances of a 70 μm when 
voltage from −55 to 0 V is applied. (c) Shift in resonance of a 50 μm microring resonator when −10 V is applied.
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microring resonators demonstrate a large FSR while maintaining a high coupling coefficient. Previous works 
have struggled to achieve flexibility in the coupling region due to shallow sidewall angles and further etching 
challenges. The monolithic lithography presented allows precise engineering of the coupling gap while preserving 
low sidewall roughness. This result is competitive with other high-index contrast leading platforms, such as SiN 
and AlN.
For comparison, we report in Table 1 a summary of experimental results on resonant wavelength tuning. It can 
be seen that tunable ring resonators have been realized in a multitude of photonic platforms. Silicon has reported 
very high tuning with large FSR30. More recent work has shown good performance in hybrid Si on LN, although 
it requires extra fabrication steps31,32. While using AlN has so far resulted in limited tunability33, LNOI photonics 
presents a promising approach to tunable ring resonators34–36.
conclusion
We have analyzed in detail the performance of large FSR microring resonators in Z-cut LNOI, fabricating rings 
of varying radii and reporting their characterization for both the TE and TM polarizations. The demonstrated 
advanced fabrication enables minimal separation (300 nm) between monolithically defined adjacent features, 
whilst maintaining smooth waveguide sidewalls. We have verified that the optical characteristics of the fabricated 
microring resonators correspond well with the design and simulation. We have further demonstrated 3 pm/V EO 
tuning of microrings. These results will precede more complex photonic devices in LNOI, ranging from precise 
filtering with multistage microring resonators to electro-optically tunable devices, for use particularly in telecom-
munication, sensing and quantum technology applications.
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CONCLUSION
Photonics is a fast evolving field indispensable for telecommunications, quantum
technology and sensing. Requirements for low cost and high performance photonic
circuitry led to the establishment of SOI as the photonic standard fuelled by the
long term investments and fabrication technologies developed by the semiconductor
electronics industry. Despite the high index contrast, low cost and large scale
fabrication SOI photonics enables, for many target applications today, it is limited by
its material properties including high material absorption around visible wavelengths,
and lossy and power inefficient optical switching as well as an absence of second
order optical nonlinearity. Industry and university research teams are investigating
alternative materials to overcome the limitations of SOI.
Two traditional photonic platforms that compete with SOI are LN and III-V materials,
both have undergone extensive research over the past few decades. III-V materials are
still being heavily investigated largely due to their light emitting properties needed
across many photonic applications; largely due to optical losses, scalability and
fabrication yield, III-V materials have not kept with up with SOI photonics. Similarly,
one of the most mature platforms, LN, traditionally known for its ultra high speed,
low loss and low noise modulators, and its nonlinear properties, has struggled in
modern day photonics due to its extremely poor integration density. It is clear that
other platforms can offer significant material benefits over SOI; however, the search
for a low loss, high integration density and scalable platform remains.
In the past decade, LNOI has emerged as a new photonic platform, aiming to combine
the material properties of LN with high index contrast waveguides to enable new
high performance photonic circuitry. This thesis contributes to the development of
LNOI as a promising photonic platform. The thesis experimentally demonstrates
that LNOI can meet many requirements of modern day photonics including low
propagation loss, high integration density, high coupling efficiency, electro-optic
tuning and electro-optic switching.
The results and technical achievements in this thesis rely on the novel fabrication
process developed and optimised throughout the candidature. LNOI photonic circuits
were, for a long time, limited by fabrication challenges; the new lithography and dry
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etching techniques reported in this thesis enable waveguides with low propagation
loss of < 0.4 dB/cm in chapter 3 and < 0.1 dB/cm with further nanofabrication
optimisations by the end of this thesis. The demonstrated propagation loss is
significantly lower than that demonstrated in SOI and III-V waveguides showing that
LNOI can have a place in modern day photonics.
The newly demonstrated fabrication techniques enabled high performance photonic
devices including edge-couplers and grating couplers to be realised. These devices
aim to overcome a serious challenge faced by many high index contrast platforms—
coupling loss. Monolithic mode-matching inverse tapers for edge coupling in Z-cut
LNOI with a loss of ∼ 2 dB/facet were demonstrated. The low coupling loss
presented is competitive with that of commercially available SOI photonics and
enables efficient, broadband and polarisation insensitive coupling into LNOI phtonic
components.
Vertical coupling, the main alternative to edge coupling, was investigated in this thesis.
Grating couplers with a record coupling efficiency of ∼ 45 % were demonstrated
in Z-cut LNOI, approaching those in SOI. The footprint saving inherent to vertical
coupling allows improved integration density of LNOI photonics, preparing it for
large scale applications.
Tunable microring resonators in Z-cut LNOI for spectral filtering were presented;
a critical photonic component for filtering telecommunication and quantum data
channels, and to enhance the performance of sensing devices. Low loss and
small bending radius microring resonators with a large free spectral range were
demonstrated with an electro-optic tunability of ∼ 3 pm/V. These results are the
initial steps towards the development of integrated tunable filters in LNOI.
The propagation loss, integration density, circuit complexity, coupling efficiency and
electro-optic properties of LNOI photonics have been investigated throughout this
thesis, specifically in the context of modern day photonics. This thesis shows that
LNOI has the potential to be a competitive photonic platform due to its material
properties and low loss compact optical components for use in telecommunication,
quantum and sensing applications.
7.1 Outlook
In the past few years, LNOI photonics has seen significant developments and
achievements, especially towards low loss photonic circuitry and electro-optic
modulators. LNOI photonic development is still in its early stages, with the vast
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majority of research today demonstrating improved performance of single photonic
components; while this remains critical, integrated sources, detectors and large
optical networks must be demonstrated before LNOI can become a mainstream
platform.
Light emitting materials are beneficial to photonics as they reduce the footprint and
cost, and facilitate end user operation in the telecommunication and sensing space.
Because LNOI does not have light emitting properties, heterogeneous integration of
classical and quantum light emitting sources is required. The hybrid integration of
III-V lasers with SOI waveguides have been demonstrated and are used today in the
telecommunication industry. This type of heterogeneous system was traditionally
prohibited in LN due to poor coupling efficiency with the laser. LNOI phtonics could
enable integration of on chip lasers and extensive research into this field is yet to bee
seen.
Meanwhile, quantum technology requires single photon sources to generate the qubits
for quantum computation and quantum communication. Integration of quantum dots
with LNOI waveguides is under heavy investigation. The possibility to in/out couple
QD light emission with LNOI ridge waveguides has recently been demonstrated,
where the light collection efficiency is strongly limited by the imperfect LNOI
circuitry. The results demonstrated in this thesis may assist in improving the in/out
coupling efficiency and increasing the yield of this hybrid integration technology.
In collaboration with the Quantum Photonics Lab at Heriot-Watt University, light
emitting 2D materials will be combined with the grating couplers presented in this
thesis with the goal of achieving efficient photon sources on LNOI. Future quantum
source research could focus on improving the photonic filters needed for quantum
sources, as well as improving optical collection efficiency.
Detectors are another important heterogeneous system that has to be implemented in
LNOI for telecommunication transceivers. The industry standard relies on germanium
detector growth on SOI substrates. This process possesses an intrinsic challenge
for LNOI photonics as direct Ge growth cannot be done; therefore, new efficient
methods for detector integration need to be investigated. The quantum technology in
the same way will require SNSPD integration for qubit detection; superconductor
design and fabrication techniques need to be adapted to LNOI, and investigation of
LNOI photonics at low temperatures is required.
Lastly, the fabrication of LNOI wafers is currently limited to 4” potential resulting in
a high scalability cost. The size of the wafers are currently limited by fabrication
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technology, but also bulk LN crystal growth techniques. The potential of large scale
LNOI photonics remains to be investigated.
LNOI might not become the new SOI, a photonic industry platform in telecommu-
nication, quantum technology and sensing; though its material properties allow to
operate in many unique situations. With further research, LNOI may soon be the
platform of choice for the photonic applications of tomorrow.
